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Industry and academic conversations on aquaculture’s role in the marine aquarium trade
are often centered on production advancements, biological and reproductive constraints of
concerned species, and conservation deliverables and often overlook the possible socioeconomic
consequences of aquaculture production. Due attention is yet to be spent on understanding
broader stakeholder sentiment on aquaculture production and the toll it may have on specialized
suppliers such as those in the Sri Lankan marine ornamental fishery. Utilizing a framework
derived from Coupled Human and Natural Systems, research found suppling stakeholders
predominantly unable to participate in aquaculture production due to various access limitations.
When viewed alongside increases in aquaculture effort and production in the United States, these
limitations indicated disproportions in vulnerability and the adaptive capacity of marine
aquarium trade stakeholder groups, warranting concerns of stakeholder obsolescence. To better
describe access limitations, a small-scale marine ornamental aquaculture lab was constructed and

tested for efficiency using the yellowtail anemonefish. Literature on aquaculture methodologies
and recirculating system construction often fall short of describing knowledge and resource
barriers faced by practitioners, indicating blind spots in the industry’s approach to advancing
production methods of marine ornamental species. Aquaculture efforts demonstrated barriers to
educational, technological, and monetary resources necessary to successfully complete the life
cycle of commonly aquacultured species. The resulting recirculating aquaculture system may
serve as a model for use by practitioners seeking to culture a variety of demersal spawning
fishes. This research indicates greater attention should be given to underrepresented stakeholder
groups who are presently marginalized by current development trends in marine ornamental
aquaculture. Additionally, negative feedback loops generated by environmental and
socioeconomic relationships in the described systems suggest extreme caution and immediate
action should be taken to preserve the roles and associated livelihoods of key stakeholder groups
in the marine aquarium trade.
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CHAPTER 1
AN INTRODUCTION TO THE MARINE AQUARIUM TRADE

1.1. Introduction
The global aquarium industry, broadly consisting of the aquatic pet trade and the public
aquarium sector, assembled in a protean manner with the development of trade networks,
immigration, and scientific curiosity during the mid-1800’s (Klee 2003). The marine ornamental
species trade (MOST) is a global supply chain which supplies live animals collected from coral
reef habitats for use in private and public aquariums as well as research institutions. Supplied
animals, hereafter marine ornamental species (MOS), often consisting of fishes, invertebrates,
and coral. The MOST is part of the broader marine aquarium trade (MAT) where associated dry
goods such as lighting fixtures, aquariums and cabinetry, life support appliances (heaters,
chillers, pumps, motors) and feed products are manufactured and sold by distributors for use in
applications of MOS husbandry. Each facet of the MAT is heavily reliant on consumer demand
and access to consistent product supply from associated supply chains. It is estimated that one
kilogram of marine ornamental fishes equates to US$1,089/kg and may earn 82 times the value
of a kilogram of seafood at US$13/kg (Edwards 1988).

1.1.1. Supply chain structure
There are as many as seven operational levels within the MOST, each of which is
managed by distinct stakeholder groups serving unique roles (Wabnitz 2003). At the supplying
end of the trade, they include collectors (also referred to as divers or fishers) who acquire MOS
for trade, middlemen who purchase from collectors, often consolidating product and selling it to
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exporters who sell to the international market (Biondo 2017). Some exporters utilize
transhippers, which bypass wholesale importers and deliver product directly to retailers and
public aquariums (Wabnitz 2003). Operational levels at the receiving end of the trade include
wholesale importers that receive and hold internationally and domestically supplied product for
domestic distribution. At this stage, importing wholesalers receive product from exporters from
unique international markets. One importer in the United States reported receiving product from
60 international suppliers based in 25 different countries. Some countries supply five or less
shipments a year, while others ship product on regular basis [weekly or biweekly] (interview
participant). Finally, wholesaler product is most commonly purchased by retailers and public
aquariums. The terminal trade between retailers and the hobbyist consumer represents the most
publicly visible level of the trade. Additional operational levels may be present depending upon
the market structure in a given supplying nation. For example, some exporters may utilize
independent packing companies to ship products internationally rather than handling packing inhouse. Public aquariums may utilize sourcing brokers to locate and facilitate the acquisition of
especially rare or large MOS such as elasmobranchs and cetaceans (interview participant).
Ornamental species include vertebrate and invertebrate organisms including various
species of fishes, corals, mollusks, and crustaceans. Approximately 2,000 species of marine
ornamental fishes are traded annually, at an annual volume of between 20 and 24 million fishes
(Fujita et al. 2014, Livengood and Chapman 2007, Tissot et al. 2010). Of those, approximately
7.6 million individual fishes are imported into the United States market annually (Rhyne et al.
2012). These are sourced from as many as 52 countries, though changes in policy throughout the
trade can result in supply fluctuations (Wabnitz 2003). Twenty species comprise 52% of all
marine ornamental fishes imported for the trade while 77.6% of those are represented by species
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from the family Pomacentridae (damselfishes) (Rhyne and Tlusty 2012).
Keeping a marine aquarium is considered a luxury hobby (Rhyne and Tlusty 2012),
though the degree to which a hobbyist invests in their tank varies considerably depending upon
the size of the aquarium and livestock they intend to keep. For example, a hobbyist may prefer a
smaller set up or have budget constraints which confines him or her to a 75-284 L (20-75
gallons) aquarium. Equipped with adequate filtration and modestly stocked (4-10 fish at an
average price of US$40 without coral), the setup may cost between US$400-1,500. Where
aquarium size and monetary budget are less a factor, home aquariums may exceed 380-1140
liters or more in volume (100-300 gallons). At these volumes, it is not uncommon for hobbyists
to spend an average of US$15,000 to outfit the aquarium with lighting, filtration (biological,
mechanical, chemical) and life support (pumps, heaters, chillers) accessories, and livestock (fish,
coral, invertebrates) (J. Duong, personal communication, July 22, 2020). Research has shown an
increase in conservation awareness by long-term marine aquarists and those closely associated
with the MAT (Marchio 2018). However, the accessibility of entering the MAT as a hobbyist is
limited and it is uncommon to observe robust domestic markets in supplying countries, a
majority of which are low income (Rhyne et al. 2012).
Similar to other supply chains, the MOST has expanded alongside advances in
transportation infrastructure and technology (Wabnitz 2003). Modern transportation of marine
ornamentals occurs by use of global airline networks. Fish supplied by smaller, remote nations
such as Tonga, Fiji, and the Solomon Islands are limited by aviation infrastructure and airline
routes. It has been suggested that the MOST is responsible for sustaining international flight
routes from some of these regions (Teitelbaum et al. 2010).
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1.1.2. The marine aquarium trade and declining coral reef habitats
Marine ornamental fisheries are cited for promoting conservation incentives in coral reef
dependent communities (Bruckner 2005) while at the same time generating between US$200 to
330 million in trade revenue (Wabnitz 2003). The MAT is increasingly threatened by changing
global dynamics both social and environmental in nature. Overharvest and destructive fishing
practices are cited as the most pervasive threats to coral reefs, affecting 55% of reefs worldwide
(Burke et al. 2017). Ocean acidification resulting from the uptake of atmospheric CO2 is
projected to cripple growth of calcifying reef organisms in a transition to net dissolution of
calcium carbonate (CaCO3) before the end of the century (Eyre et al. 2018). Over 75% of coral
reefs are threatened by rising ocean temperatures (Burke et al. 2017), resulting in widespread
bleaching events (Hughes et al. 2017). These increases in frequency and severity of bleaching
events and tropical storms push the limits coral reef resiliency (Hughes et al. 2014). Current
projections on coral reef health anticipate widespread ecosystem collapse by the end of the 21st
century (Hoegh-Guldberg et al. 2018). To address these threats, researchers and conservationists
have developed a myriad of potential solutions ranging from genetic and reproductive
interventions to physiological, community, and environmental interventions which may preserve
coral reef ecosystems. These include coral microbiome manipulation, managed coral selection
and breeding, genetic manipulation, cryopreservation, pre-exposure to environmental stressors,
algae symbiont manipulation, gamete and larval capture and seeding, antibiotics, phage therapy,
managed relocation, and abiotic ocean acidification interventions (Burke et al. 2017). While
environmental stressors mount and coral reef systems are increasingly degraded, the MOST
becomes increasingly vulnerable localized and international collapse. The fate of the MAT is

4

joined to that of the coral reef fisheries and the ecosystems they depend upon.

Marine

ornamental aquaculture (MOA) has been framed as a sustainable alternative to wild-caught
livestock in the MAT
(Figure 1.1). As
aquaculture production
increases in the United
States (Tlusty 2002),
many of the benefits this
production affords the
industry may not be
transferable to those on
the supplying side of the

Figure 1.1 An aquaculture themed exhibit aims to educate guests on
aquaculture’s role in environmental conservation at the Mystic Aquarium, Mystic,
CT, USA.

trade. This presents a dilemma whereby the conservation narrative commonly cited by
aquaculture proponents might fall short of securing sustainable futures for stakeholders who will
continue to be reliant on providing wild-caught MOS to the global market.
Recent successes in reducing mortality rates among larval and juvenile aquacultured
fishes, particularly pelagic spawning species, suggests the MAT is likely to see increasing
production volumes of aquacultured livestock in the coming years (Else 2020, Pereira-Davison
and Callan 2018). Industry related press releases, events, and conversations among trade
participants on social networking platforms frequently highlight breakthroughs in the aquaculture
sector (this study). The industry’s spotlight on aquaculture may overshadow essential
conversations addressing ongoing issues in the trade related to illegal, unreported and
unregulated fishing (IUUF) which is known to occur in prominent supplying nations including
5

the Philippines and Indonesia (Murray et al. 2019, Talbot 2018). Additionally, poor supply chain
traceability standards continue to limit the trade’s ability to quantify catch volumes and record
the provincial origin of products entering the supply chain (Cohen et al. 2013). As more
aquacultured livestock enters the market, particularly in the United States, tracing this supply is
essential as it may have the potential to transform the roles traditional suppliers have historically
served (this study) (Figure 1.2).
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1
2
3
4
5

Figure 1.2 Transitional states of marine ornamental production trends. S 0 represents historic production norms where a majority of product is supplied by
exporting nations. S1 represents the supply of aquacultured products as a separate providing a hypothetically greater volume of product to the primary importing
nation as supply of wild caught product diminishes. Secondary suppliers represent countries which export product to more prominent exporting countries where
their product is then re-exported e.g. Maldivian product exported out of Sri Lanka.
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1.1.3. Aquaculture’s less described potential
Today, aquaculture in the food fish sector is playing increasingly important roles in
market dynamics and changing consumer spending habits (Risius et al. 2017). It remains to be
seen whether or not MOA’s potential to transform markets is similarly influential in changing
consumer behaviors. MOA’s literal and perceived economic and conservation value have led
industry leaders to discuss the makeup of future markets (P. Anderson, personal communication,
June 5, 2020). While breakthroughs in aquaculture technologies and practices enable new species
to enter the market listed as “captive-bred”, industry conversations on aquaculture’s less
described potentials leave conservation and sustainability narratives incomplete (Tlusty 2002). A
seemingly biased focus on how aquaculture is marketed and developed in the MAT ought to
leave industry conservationists questioning which society’s needs their sustainability objectives
aim to meet.
Critiques of sustainability in fisheries may focus on environmental protection, and
ecological and social development (Asche et al. 2018). The ecological health of a given fishery
in relation to economic profits for fisher’s vulnerability is observed by a systems sensitivity to
changes in the structure and function of social and environmental systems (Turner et al. 2003).
One key objective of sustainability science is aiming to understand how long-term trends in the
development of coupled human and natural systems are primed to transform nature and societal
interactions (Kates and Parris 2003). System transformations occur as a result of both active and
forced influences (Folke et al. 2010). Active and forced transformations may occur within a
single system simultaneously, whereby calculated changes prepared by one group of actors leads
to the forced transformation of others. This research analyzes forces of transformation in the
MAT and describes relational dynamics and feedbacks generated by complex interactions among
8

actors and their environments in the MOST.
The objectives of this thesis are to 1) describe and analyze structural vulnerability and
transformation potential in the marine aquarium trade resulting from environmental change,
social institutions, and aquaculture advancement between two systems. 2) Describe institutional
and biological barriers to participation in marine ornamental aquaculture production through the
construction and use of a model small-scale marine ornamental aquaculture system, and 3)
develop a larval feed study to test growth and survival rates using the yellowtail anemonefish, A.
clarkii. Lastly, 4) complete the life cycle of A. clarkii and describe the species embryonic
ontogeny. The culmination of this research provides novel insight to both social and biological
dynamics of the MAT and attempts to deliver a comprehensive analytical and cautionary address
of aquaculture’s potential in market transformation.
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CHAPTER 2
TRANSFORMATIVE ROLES OF AQUACULTURE IN THE MARINE AQUARIUM
TRADE

2.1. Introduction: A rapidly changing industry
In recent years, the marine aquarium trade (MAT) has been increasingly regulated and
trade flows have been restricted throughout the global industry (Lilley 2018, McCoy et al. 2018).
At the same time, the trade’s aquaculture sector is experiencing industry changing
breakthroughs, as dozens of popular aquarium fish once deemed impossible to aquaculture are
being produced. For example, aquacultured yellow tang, Zebrasoma flavescens, are now
available in local fish stores and public aquariums throughout the United States and abroad
(Calado et al. 2017, Callan et al. 2018, Olivotto et al. 2011). Such advances in industry growth
are taking place within distant and complex social-ecological-systems (Ostrom 2009). Greater
attention is being paid to the distant interactions that increasingly facilitate the transmission of
information, goods, capital, technology, and biological matter (Liu et al. 2007a). The continued
expansion of aquaculture in the MOT has the potential to disrupt suppliers from marine
ornamental fisheries such as those in Sri Lanka where the collection of staples species like
Lysmata debelius support the livelihood needs of a significant number of local fish collectors and
suppliers.
This chapter investigates how stakeholders in the MOT of Lysmata debelius perceive the
role of aquaculture and how they are or are not preparing for transformation by analyzing
internal and external system dynamics, motivations behind decision making among stakeholder
groups, and supplier limitations. A framework is applied to assess the transformative forces of
10

aquaculture production in the MOST, asking the question, are stakeholders preparing for
disruptive change triggered by changing environments and aquaculture production and if so, to
what degree?

2.1.1. Industry background
There are an estimated 52 countries that supply marine ornamental species to the MAT
(Rhyne 2012, Wabnitz 2003). Dominant exporting nations that supply the MOST include the
Philippines (56%), Indonesia (28%), and Sri Lanka (3.2%), while 42 other nations comprise the
remaining trade volume (Rhyne et al. 2017). Historically, the United States is the largest buyer
of marine ornamental species (MOS), importing 50 to 60% of trade volume (Tissot et al. 2010).
Collectors work as generalists, targeting both common and rare species. Species with important
ecological roles such as ornamental cleaner shrimps (Lysmata spp.) are especially prone to
overharvest as disruptions to populations may negatively impact ecosystem services (Rhyne et
al. 2009, de Groot et al. 2002, Wicksten 2009).
Unlike freshwater ornamental aquaculture in the United States, which dates back to the
1920’s, the marine aquarium trade saw its first breakthroughs in aquaculture in the 1970’s. The
sharing of information from advancements in marine food-fish aquaculture along with enhanced
understanding of the life histories and biology of coral reef dwelling species and suitable first
feeds (species of zooplankton) for their larvae in aquaculture settings opened the door to early
advances in MOA (Rhyne et al. 2017). Because of its history as the leading consumer in the
MAT along with the presence of industry leaders trained and educated in scientific fields like
aquaculture and marine biology, the United States is positioned to play a leading role in shaping
the MOST in the coming years.
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Throughout the MOST, businesses such as public aquariums and local fish stores (LFS)
looking to acquire products are dependent upon many of the same suppliers and manufacturers.
The supply chain utilized by the MAT has been described as being hyper complex and a key
reason as to why the trade struggles with supply chain transparency and sustainability initiatives
(Rhyne and Tlusty 2012). A critical view of the supply chain may allow for the identification of
internal and external limitations faced by stakeholders, which are not commonly associated with
the MAT. For example, suppliers are often captive to prices fixed by shipping companies which,
when increased, necessitate a transference of expenses to collectors (interview participant, July
3, 2018). This inheritance of vulnerability is associated with a stakeholder’s position in the
supply chain and is therefore not shared equally by other stakeholder groups. By further
describing these dynamics, important conversations within industry can address vulnerabilities
and reveal areas for future research improvements to supply chain network practices.
The marine aquarium industry struggles with the regulation and prevention of destructive
and illegal collection of marine ornamental fishes (MOF) by use of cyanide (Barber 1999). The
practice reportedly began in 1962 in the Philippines and was adopted by collectors in Indonesia
and Taiwan soon after (McAllister et al. 1999). Collectors utilize sodium cyanide (NaCN) and
potassium cyanide (KCN) to stun ornamental reef fish, particularly those which seek shelter or
live among coral heads. Exposure to cyanide interferes with oxygen metabolism, resulting in
paralysis and thereby removing the challenge of catching fish with hand nets. Mortality rates
among marine ornamentals caught with cyanide may exceed 90% by the time they reach retailers
(Rubec et al. 2001). Enforcement mechanisms to prevent cyanide fishing have been ineffective
at the collection, export, and import levels. A lack of reliable testing technology prevents
customs agents from associated collection violations (Murray et al. 2020). Ongoing illegal
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activity leaves the industry vulnerable to pressures from environmental groups and regulatory
agencies, which may seek to prohibit trade by citing the harmful collection practices as reasoning
for restrictions (Reef to Rainforest Media 2018).
Research (Murray et al. 2020) focusing on enforcement utilizing a cyanide detection test
kit, which could allow enforcement agencies to identify illegally collected ornamentals.
Challenges in refining a test kit and making it available to enforcement agencies continue as
funding for this approach is presently limited. A grassroots initiative by RVS Fishworld
Incorporated in the Philippines has sought to address cyanide use by organizing net training
workshops which teach divers how to be more effective in net collection methods, thereby
hoping to reduce reliance on cyanide (author, personal knowledge). Illegal and harmful
collection practices influence industry optics, which in turn inform perceptions of the MAT.
Such perceptions may translate into anti-industry activism and policy changes which are
undesirable to industry (Reef to Rainforest Media 2018). These dynamics directly and indirectly
influence the value of MOA as increased vulnerability of marine ornamental fisheries inherently
increases the need for aquacultured MOS.

2.1.2. Trade communication and supply traceability
Supply chain network structures exhibit ranges of operational and organizational
complexity depending upon several factors. These include the length of a given supply chain, the
number of suppliers within it, and the number of customers at each level (Lambert and Cooper
2000). Structural dimensions that link supply chain actors to one another are lacking in the
MOST (this study, Wood 2001). Information sharing between geographically distant stakeholder
groups occurs most often at annual industry trade shows and association meetings which host a
13

fraction of individuals with the time and money to attend.
Power et al. (2001) argue that supply chain management strategies should focus more on
the competitiveness of supply chains relative to others rather than solely considering efficiencies
among the organizations within them. This focus on supply chain competitiveness is becoming
pressingly critical given the ever-expanding connectivity of our now post-globalized world
(Rosenberg 2005). Synchronous collaboration between operational levels and across supply
chains might allow for greater equity in the market as different stakeholder groups are likely to
experience varying degrees of market transformation as a result increases in MOA.
Without sufficient trade data to trace aquaculture production volumes, the MOST lacks
the means to monitor the progression of this production relative to wild collection rates. This
blind spot in trade operations leaves stakeholders vulnerable to obsolescence, particularly in
fisheries that are highly specialized in supplying markets with species limited in biogeographic
range or abundance.

2.1.3. Telecoupled systems
Telecoupling has been used to describe environmental and socioeconomic relationships
over distances, illustrating the dynamic movement of capital, tourism, animal migration, species
invasions, technology and information flows, disease spread, and transfers of pollutants (Liu et
al. 2018). Focus is given to flows between actors in a system. These flows represent the
movement, either bi-directionally, unidirectionally, or in some instances tridirectionally, of
material goods, capital, or information. The identification of flows between actors in a system,
while potentially elusive and often complex, affords researchers and decision makers better
understanding of how flows are formed and levels of dependency between actors within a
14

system. Analyzing and
describing telecoupled
relationships can also
inform actors of
potential vulnerabilities
within a system,
thereby facilitating
actions, which might
prevent undesirable
transformations of

Figure 2.1 Telecoupling dynamics join systems through flow networks, each of which
is driven by internal and external forces. Figure adapted from Liu et al. 2013.

flows (Stoll et al.
2018). The telecoupling framework evolved from themes in Coupled Human and Natural
Systems (CHNS) (Liu et al. 2007a, Liu et al. 2007b), adding depth to research which might
otherwise focus solely on primary interactions within systems. It has been used to describe and
address challenges related to sustainability, adaptation, and resiliency research (Wang and Liu
2017). Telecoupling’s focus on distant relationships may aid in understanding and describing
often overlooked drivers of change (Liu et al. 2013).
Principal telecoupled systems include sending systems, receiving systems, and spillover
systems (Figure 2.1). Sending systems are those which export or share some resource (i.e.
information, capital, with receiving and/or spillover systems). Receiving systems are those that
receive flows generated by sending and/or spillover systems, while spillover systems affect or
are affected by sending and receiving system dynamics (Liu et al. 2013).
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2.1.3.1. A focus on spillover systems
Spillover systems tend to elude visibility by other systems because they may be far
removed from primary interactions (Liu et al. 2018). By researching and describing spillover
systems, stakeholders may look beyond their immediate business models to identify potential
market and industry vulnerabilities which may disrupt supply chains.
Spillover systems may be generated through a conversion of system roles. For example,
historically, the United States served as top supplier of soybean to China but increases in
production and export from Brazil have overtaken demand for United States product (Liu et al.
2013). This transition was facilitated by flexible trade agreements between the two countries,
allowing for the advancement of market opportunities (Liu et al. 2013). Coral aquaculture in the
MOST has transformed the domestic and international market as hobbyists use inexpensive tools
such as bone cutters, chisels, rotary tools, and band saws to fragment their captive coral colonies.
These fragments, referred to as “frags” within the trade, have reduced demand for the import of
larger coral colonies. Hobbyists attend trade shows and local aquarium club events where coral
frags can be traded and purchased, thereby lessening demand from international suppliers. An
unquantified portion of trade volume now flows through e-tailers (online retailers) and online
micro-transactions that take place over listings on eBay, Craigslist, and Facebook. In this way,
the sending systems which had historically supplied the MOST became spillover systems due to
technological innovations spurred by consumers. In this example, countries such as Indonesia
and Australia continue to supply wild collected and maricultured (collected and farmed in
controlled near-shore settings) coral to the United States market, functioning as both sending and
spillover systems.
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Telecoupled systems experience stress, which in turn may impact receiving and spillover
systems. This has been observed within the MOST when in May of 2018, the Indonesian
government announced a suspension on the exporting of live coral (Cooney and Whitmee 2018).
Given the leading role that Indonesia plays in supplying live coral to the global aquarium trade
market, the policy implications of this decision affected stakeholders around the globe.
Indonesian exporters whose business models depend highly on the collection and exportation of
coral where heavily impacted. An estimated 10,000 to 12,000 jobs were lost as a result of the
decision, and it is estimated that $2 million in export revenue has been lost each month since the
ban was implemented (Cooney and Whitmee 2018). As less live coral was entering the market,
local fish stores (LFS), e-tailers, and others dependent upon access to imported coral from
Indonesia experienced an abrupt disruption in product access.
Telecouplings are generated by flows which produce cause and effect relationships which
influence actor decisions and other system’s dynamics. Another example in the MAT was
observed in Hawaii’s West Coast fishery where the culmination of years of activism by
environmental groups and anti-aquarium trade activists led to policy restrictions on MOF
collection (Reef to Rainforest 2018). In this case, the sending system (Hawaii West Coast
Fishery) was transformed by a spillover system (social action agendas). While the fishery
continues to export, collection practices have changed, limiting the types of gear divers use while
fishing. This change in system dynamics resulted in some fishers exiting the fishery while others
have seemingly adapted to the new enforcement measures. Further spillover dynamics which
were generated in response to pressures on the fishery lead to the creation of web-based
information sharing platforms (www.forthefishes.org, www.hawaiibanfactcheck.org). The
implications of flows between systems necessitated the issuance of a position statement from the
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Pet Joint Advisory Council (PIJAC) backed by lobbying efforts. This has enhanced the
importance of aquaculturing yellow tangs which serve as a keystone species within the fishery
(Tissot and Hallacher 2003). The spillover of policy implications on the fishery has made OI’s
success in breeding the yellow
tang an important achievement
for the MAT (Figure 2.2). As the
regulatory dynamics within West
Hawaii Ornamental Fishery
evolve, any added value is likely
to fluctuate alongside the market
demand for aquacultured and
wild caught yellow tangs. If all

Figure 2.2 Juvenile aquacultured yellow tangs produced by Biota and
displayed at the Marine Aquarium Conference of North America, 2019.

forms of collection were
prohibited in the West Hawaii Ornamental Fishery, the availability of yellow tangs in the MAT
would change as any future supply of the fish would need to be produced through aquacultured.
Zebrasoma flavescens has been collected in the Philippines and 12 other nations at a significantly
lower volume (www.aquariumtradedata.org).
Depending on a stakeholder’s role, one may have limited time and resources to engage in
industry conversations relating to regulation developments or environmental trends which
demand industry attention and action. Such limitations may be addressed by a representative
organization which serves the ornamental fish industry and lobbies to protect its interests. Such
an organization could monitor developments in trade production and regulation and inform
stakeholders with bulletins on matters of interest. Present trade associations such as PIJAC,
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Ornamental Fish International (OFI), and the Ornamental Aquatic Trade Association (OATA)
are each limited in their influence by geographic, political, and monetary constraints as well as
by a lack of much needed industry support.

2.1.4. Regulatory Oversight
Growing concerns over the vulnerability of coral reefs and their inhabitants has placed
increasing pressure on the marine aquarium industry to better regulate trade impacts on the
environment (Wabnitz 2003). The trade of MOS across convoluted supply chains requires
numerous administrative management devices. Some challenges in regulating the trade stem
from poor supply chain transparency and inadequate means of tracing collected organisms from
their countries of origin to the end consumer (Cohen et al. 2013). Presently, there is insufficient
electronic infrastructure in place to accurately monitor the volume of organisms being collected
for the trade. Species level data, which is recorded manually on physical veterinary and manifest
documents, are not stored in a digital database. In most cases, data values represent the weight of
boxes contained in a given shipment (including water weight) and not the number of aquatic
organisms (Wabniz 2003).
The United States Department of Agriculture (USDA) requires health certificates are
issued by accredited veterinarians to suppliers during routine shipment inspections prior to
product export. The primary purpose of health certificate issuance is to prevent exotic disease
transmission.
Additional documents, which are standard in the shipment of marine ornamentals,
include an airway bill which serves as a contract of carriage between the sender and courier and
includes tracking information. Export and import licenses are generally issued by a nation
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designated trade agency and allow businesses to send or receive product. Export permits are
issued once proof of meeting the importing nations laws is demonstrated. Import licenses are
issued once compliance with state and local regulations are satisfied. A certificate of origin is
included in the processing of each shipment verifying where the shipment originated from. This
certificate is submitted to customs upon importation and warrants product entry upon arrival.
The trade of MOS is subject to oversight by the Convention on the International Trade in
Endangered Species (CITES). CITES is an international agreement between 183 member
countries, which work to ensure the responsible and managed trade of wild animals such that it
does not jeopardize the survival of their native populations. CITES listed species on either
appendix I, II, or III require a permit be issued for exported and imported products, though listed
species collected for the MOST are few in number. Species level data is present for listed species
due to CITES documentation requirements. Few marine ornamental species have been assessed
by CITES to date, though an initiative stated at the 18th Conference of Parities (COP18) to
CITES expressed intentions to place special focus on assessing species traded within the marine
ornamental sector.

2.1.4.1. United States trade oversight
Data which has been referenced to understand trade volume in the United States has been
sourced from the United States Fish and Wildlife Services (USFWS) (Rhyne et al. 2012).
Responsible for the inspection of wildlife shipments into the country and the issuance of trade
permits, USFWS stores marine ornamental import data in its Law Enforcement Management
Information System (LEMIS) (Rhyne et al. 2012). Species level data exists for those listed by
CITES, while those not listed are truncated under a single code for Marine Tropical Fish
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(MATF). These data cannot be used to decipher the diversity of species in the trade, nor their
trade routes or the volumes at which they are collected. Aquacultured products that enter the
market are often sold domestically within the United States and are therefore not handled by
USFWS. This adds another layer of complexity and uncertainty to the true volume of organisms
being produced and sold by the trade on an annual basis.

2.1.4.2. Sri Lanka trade oversight
The Sri Lankan Ministry of Fisheries and Aquatic Resources (MFAR) is responsible for
the management and development of all fishery related activities including those associated with
the MOST. Fishing licenses are required for the collection of MOS and issued by Licensing
Officers in respective districts where fishing activities are to occur (Fisheries and Aquatic
Resources Act No. 2 (1996)).
Licenses are valid for a
period of one year from date
of issuance and must be
renewed on an annual basis.
Vessels used for the
collection of live aquatic
resources must be registered

Figure 2.3 A 6.5 m OFRP fiberglass fishing vessels are used for the
collection of marine ornamentals. Vessels are commonly stored on
beachfronts adjacent to fishing communities.

with the MFAR (Figure 2.3).
The Fisheries and Aquatic Resources Act No. 2 includes categorical lists of protected and
restricted species. The MFAR lists 11 species as protected while restrictions apply to 17 others.
Numbers of collected restricted species are added to a designated total allowable catch (TAC)

21

which is reported to the Department of Fisheries and Aquatic Resources (DFAR). TAC is
calculated as 10% of a standing stock. Catch per unit effort (CPUE) is not calculated or collected
for Sri Lanka’s marine ornamental fisheries.
Overseen by the MFAR, the National Aquatic Resources Research and Development
Agency (NARA) is the principal government agency responsible for the oversight of aquatic
resources in Sri Lanka. NARA oversees numerous research and development divisions such as
the Center for Ocean and Fisheries Information, the Marine Biological Studies Division, and the
Aquaculture Research Center. The agency and its subdivisions carry out research which is used
to inform policy and development strategies throughout the country.
The Export Development Board (EBD) serves as the primary state agency which
oversees market development and trade of MOS from Sri Lanka. Established in 1979 under the
Sri Lanka Export Development Act No. 40, the EBD advises the government on current and
proposed export policies in addition to acting as a stakeholder coordinator and facilitates annual
meetings among members. Member stakeholders have access to export training services, which
aim to expand trade value and product marketability. Trade data can be accessed from the EBD
by request through the Policy and Strategic Planning division.
Sri Lanka’s Customs Department utilizes a Harmonized System Code (HSC) to
categorize and record export data. This system is adopted from the World Customs Organization
(WCO) global customs standards, which as of this writing are utilized by 183 global customs
administrations. Utilized codes do not differentiate between marine and freshwater when
processing ornamental shipments. For example, HSC’s used for ornamental goods include
“Aquatic Plants”, “Ornamental Fish”, and a subcategory of ornamental fish for “Restricted
species under the Fisheries Ordinance”. WCO members may include additional codes, however
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as codes are primarily used for excise duties, further classification is not warranted or often
utilized.
The export of live coral from Sri Lanka was banned in 1929 through the enactment of the
Crown Lands Ordinance. Since the implementation of this ordinance, Sri Lanka’s marine
ornamental sector has been prohibited from collecting and exporting domestically sourced live
coral. At least one exporter continues to import coral from Southeast Asia at low volumes for reexport (interview participant).
The Sri Lankan Ornamental Fish Exporters Association (SLTFEA) was founded in 1971
to facilitate the development of the ornamental aquatic industry in Sri Lanka. The organization
works with stakeholders and government agencies including the EDB, NARA, and the DFAR to
promote and protect the interests of the ornamental sector.

2.1.5. The value of an ornamental shrimp in a telecoupled system
Lysmata debelius, Bruce, 1983, commonly known as the fire shrimp, blood shrimp, or
scarlet cleaner shrimp is a key species in the Sri
Lankan marine ornamental fishery. The species
biogeographic range spans the Pacific and Indian
oceans. Historically, it has been collected for the
MOST in India, Sri Lanka, the Maldives,
Indonesia, the Philippines, Kenya, Malaysia, and
Thailand (www.aquariumtradedata.org). Low
volume collection occurs in Australia where the
domestic market for marine ornamentals is small
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Figure 2.4 Lysmata debelius displayed in the author’s
home aquarium.

(C. Holt, personal communication, March 10, 2020). Sri Lanka supplies over 90% of fire shrimp
to the global MAT. In 2011, the most current available trade data indicates the country exported
just over 60,800 individuals (www.aquariumtradedata.org). L. debelius is popular among marine
aquarium hobbyists due to the species vibrant red coloration and its cleaning behaviors which
serve community aquaria by removing parasites from diseased fish (Wicksten 2009). It exhibits
white walking legs and antennae, bold white spots contrasting against a deep red cephalothorax
and the pleopods (Figure 2.4). Present day export volumes of Lysmata spp. are challenging to
quantify given the deficient state of the MOST (Biondo 2017). Estimates from the Global Marine
Aquarium Database (GMAD) (1988-2003) indicate species from the genus Lysmata are among
the most traded invertebrates in the MOST (Wabnitz 2003). As such, there is great incentive to
preserve wild populations for sustainable collection (Calado 2008, Calado 2009).
As described by Calado (2009), ornamental shrimps display dazzling coloration, delicate
or bizarre morphology, unusual reproductive behavior, symbiotic tendencies such as cleaning
behaviors, can control pest organisms in aquaria, and are ‘reef-safe’, meaning they are unlikely
to harm corals or other invertebrates in a marine aquarium. Marine ornamental shrimps
belonging to the family Hippolytidae represent the most traded species. These include Lysmata
amboinensis, L. ankeri, L. boggessi, L. californica, L. debelius, L. grabhami, L. kuekenthali, L.
rathbunae, L. seticaudata, L. vittata, L. wurdemanni, Lysmatella prima, Parhippolyte mistica,
Saron marmoratus, S. neglectus, S. rectirostris, and Thor amboinensis.
Lysmata spp. are simultaneous hermaphrodites, affording any two paired individuals
reproductive compatibility in captive settings (Calado 2009). Not including L. debelius, current
MBI listings report eight species from the family having been attempted for aquaculture by
home-breeders. While these listings provide some indication of the effort put forth by
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aquaculturists to produce Lysmata spp., they do not represent the full list of successfully bred
species nor the total likely number of individuals invested in marine ornamental shrimp
aquaculture projects. Adams et al. (2017) reported the successful captive life cycle completion of
L. debelius in Australia by commercial aquaculture business Coral Creatures. Due to restrictions
on importing invertebrates in Australia, the species commands a premium of AU$200
(approximately US$115) per individual (C. Holt, personal communication, March 10, 2020). In
the United States, L. debelius is readily available at local fish stores and through e-tailers, selling
for between US$30-46 (www.liveaquaria.com).
The life cycle of L. debelius was first reportedly completed in the early 1990’s (A. L.
Rhyne, personal communication, September 6, 2019). Efforts to aquaculture L. debelius have
recognized the species as particularly challenging to culture (Lin 2005). Challenges associated
with breeding the species include zoea cannibalism, molt cycles, and a long larval duration,
making the species an especially difficult one to produce at a commercial scale (Fletcher et al.
1995).
Females of the species carry as many as 2,000 eggs under their abdomen during the
spawning cycle. Eggs are carried for 10 to 15 days before emerging as planktonic zoea. The
postlarval or decapodid stages are subsequent to the zoeal phase. In aquaculture settings where
zoea are typically kept in dense cultures, damage to zoeal appendages is not uncommon. The
rostrum, extending pereiopod, and protruding abdominal spines are vulnerable to trauma (Calado
2009). Fletcher et al. (1995) documented zoeal phase durations between 63 and 158 days. Zoea
were observed transitioning between as many as a dozen developmental stages before reaching
their post-larval form. Breeders are actively researching methods to reduce the zoeal duration,
thereby facilitating earlier settlement enabling the individuals to reach a marketable size.
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Presently in the United States there is no known commercial production of aquacultured fire
shrimp.
In pelagic or confined settings such as aquaria used for aquaculture, successful zoeal
ontogeny depends upon adequately available essential nutrients. While zoeal in pelagic
environments have access to diverse prey items where they can acquire necessary nutrition, those
in aquaculture settings are reliant on supplied live feeds. Aquaculturists have been successful
rearing L. debelius to settlement using enriched rotifers, artemia nauplii, and pureed shrimp
(Palmtag and Holt 2001). The modest yet widespread success of aquaculturists in the spawning
and rearing of L. debelius along with other species in the family serves as an indicator of
aquaculture’s potential energy, which may transform Sri Lanka’s marine ornamental fisheries.

2.2. Methods
To understand the transformative potential of aquaculture among telecoupled systems in
the MOST, this research analyzes datasets including semi-structured interviews and field notes
on participant observation during reoccurring periods of fieldwork in Los Angeles, United States
and the west, southwest, and eastern coastal regions of Sri Lanka between 2017 and
2019. Participant identities are not to be disclosed in accordance with University of Maine IRB
protocol to protect confidentiality. Los Angeles was selected as a field site because it is a major
import hub in the United States, while Sri Lanka is the third largest supplier of marine
ornamentals by volume into the United States (Rhyne et al. 2012). Sri Lanka has an important
history as a supplier for the global and United States aquatic pet trade markets, but is a poorly
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described, under-studied system within MAT literature. Therefore, this research provides a
unique opportunity to describe and represent an often overlooked and significant supplying
country within the MAT.
Concerning both the ethical and research importance of acknowledging the lived
experiences of individuals, this research sought to model evolving ethnographic methods
described by Agar 2008. This includes elements of phenomenology and the acute recognition of
the numerous roles, responsibilities, and experiences research participants live and each roles’
importance as vital elements which influence telecoupled systems in this research.

2.2.1. Participant recruitment and study area
Participant interviews were arranged Los Angeles, California, United States, and along
the western, southwestern, southern, and eastern coastal regions of Sri Lanka (Figure 2.5). Initial
participants were identified using the PI’s existing professional network in the MAT resulting
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Figure 2.5 Map of study area in and fishing grounds in Sri Lanka. Coastal areas adjacent to red
highlights indicate locations visited and observed during the study period. Figure adapted from Long et
al. 2011
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from work in the retail and public aquarium sectors. Additional participants were recruited using
snowball sampling methods (Goodman 1961) where individual participants would be asked to
suggest additional contacts for the PI to contact. In Sri Lanka, stakeholder distribution was
nonhomogeneous along coastal regions where communities engaged in other sectors i.e. tourism,
commercial fishing, food service – where present. Additional participant observation took place
alongside interview participants as well as at domestic and international trade conferences and at
ornamental production facilities, providing opportunities for interview participant recruitment.

2.2.2. Participant observation and data collection
Interview and observational data were collected during three trips to Sri Lanka, taking
place in December and January 2017-18 and 2018-19, and in June and July 2019. Each
consecutive visit served to revisit and further develop research and interview questions while
building rapport and trust with stakeholder participants.
Fieldwork in Los Angeles occurred in June and July of 2018 and consisted of participant
observation at marine ornamental import facilities and recorded semi-structured interviews.
Objectives during the first trip to Sri Lanka included observations of fishing communities
and identifying marine ornamental fish collectors and exporters with the intention of building a
network and gaining familiarity with community dynamics and coastal environments.
The second round of fieldwork consisted of one-on-one, recorded semi-structured
interviews with marine ornamental exporters (N = 5) along with on-background conversations
and time spent observing business practices and identifying additional participants. From June to
July 2019, additional interviews were conducted (N = 6) allowing a total of eight interviews
between the three visits with two participants being interviewed twice.
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In Sri Lanka, participant access challenges included limitations in email and phone
communication and identifying a means to reach remote locations. Several participants were
located as far as 60 km outside of the nearest city center. Participant availability was an
additional field challenge, as variable and arranged meetings were often postponed due to
unforeseen work demands and the seemingly improvised nature of daily work. For example, four
of the six participants requested a phone call each morning to inquire about meeting availability
that day. Participants were reluctant to commit to meetings several days in advance due to
uncertainty of their workload that day.
All interviews were conducted in closed office environments. Occasional interruptions
resulted from employee and client interactions, phone calls, hospitality offerings, and ambient
noise such as passing trains, vehicles, and air traffic. Interruptions where not terminal to any
interview conducted. Interviews conducted in Los Angeles also occurred in closed office
environments. Average interview duration was 1.5 hours, with the shortest interviewing lasting
45 minutes and the longest lasting 3 hours and 20 minutes. The total number of interviews
collected and analyzed during this study was 11, where 6 interviews were carried out in Sri
Lanka and the remaining 4 in Los Angeles. All interviews were transcribed word for word by the
PI using the free online software oTranscribe.
Additionally, the PI attended five industry conferences and tradeshows (Table 2.1) during
the study period to engage with
stakeholders and recruit interview
participants. These included; the Marine
Aquarium Conference of North America
(MACNA), Marine Breeding Initiative

Table 2.1 Industry events attended by the PI

Conference

Scope

MACNA
MBI
Aquarama
MBI
MACNA

MAT
MOA
Aquatics trade
MOA
MAT
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Date
Sep 2018
Jul 2018
May 2019
Jul 2019
Aug 2019

(MBI), and Aquarama. MBI and MACNA conferences were marine focused and hosted in the
United States, while Aquarama was freshwater and marine focused, hosted in China.
Field notes taken at conferences served to inform research questions and fill knowledge
gaps. Conferences and trade-shows were attended by diverse stakeholder groups representing
key industry players including, dry-good vendors, international and domestic (based in the
United States) exporters, international and domestic importers, livestock collectors, home based
aquaculturists, commercial aquaculturists, public aquariums, retailers, hobbyist consumers,
conservation focused nonprofits, trade associations and industry lobbyists, and academics. The
PI spent four days in August 2018 on site at a large-scale (10 acre) commercial marine
ornamental aquaculture hatchery. Observations of algae culture, zooplankton production,
larviculture, and broodstock conditioning practices were noted.
Additional industry information was scraped from social media posts on Facebook which
serves as the preferred and most commonly used social media platform my numerous
stakeholder groups in the MAT both in the United States and Sir Lanka. The PI utilized existing
industry connections resulting from professional work at public aquariums and past attended
conferences in the United States to initiate email and phone conversations with experts. These
data were compiled into field notes and referenced to inform discussions with interview
participants and as data used for qualitative analysis.
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2.2.3. Coding Approach
Interview data were coded thematically for content suggestive of flows and coupled
relationships using the
qualitative analysis
software NVIVO Pro 12.
The conceptual
telecoupling model
described by
Liu et al. (2018) (Figure
Figure 2.6 Analytic coding tree developed using NVIVO Pro 12.

2.1) was referenced to
from a coding tree (Figure 2.6). Focus was given to participant experiences which represent local
perspectives within systems. A codebook was developed for reference and coding justification,
citing literature used to contextualize the coding approach (Appendix A). In total, 1,115 codes
where generated. Codes were not limited by word count and may have included as many as 250
words depending on content. Codes also centered on stakeholder relationships to the MOST and
included a focus on geography so as to detail participant positionality in the MOST. This
approach centers participants in their respective systems (sending or receiving) and
acknowledges their roles outside professional settings i.e. family and community responsibilities.
Each interview contained emerging themes relating to resiliency, vulnerability and aquaculture.
Coding for these themes allowed for greater descriptions of system transformation through flows
within the telecoupling model.
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2.3. Results
This study sought to understand MOA’s influence on production dynamics in the MOST.
Through coding analysis, telecoupling dynamics were analyzed with a focus on environmental,
institutional, and economic themes. Each theme has been categorized by section and includes
transcribed, word-for-word codes which are linked to variables within the telecoupling
framework. For the presentation of these data, codes are organized within distinct topic sections
and integrated throughout surrounding text which serves to contextualize data within the
telecoupling framework. Where appropriate, codes have been tabulated to illustrate descriptive
themes.
Codes were used to describe emergent themes which were either directly or indirectly
descriptive of aquaculture’s role in the MOST. Codes which describe seemingly unrelated topics
are in fact illustrative of telecouplings and associated feedback loops which spur industry’s need
for aquacultured products. While most sending (n=6) and receiving (n=5) system participants
acknowledged the importance of having the means to supply aquacultured products to the MAT.
A single sending system participant was actively producing aquacultured products. These
consisted of species from the families Apogonidae, Pomacendridae, Psudochromidae,
Syngnathidae, and Hippolytidae. Participants who were not actively invested in aquaculture
unanimously expressed desires to incorporate it into their business models, with three
participants indicating they would invest in MOA production in the near future. While these data
show similar goals by participants to begin MOA, understanding underlying participant
motivations and challenges reveals insight on decision making processes and possible outcomes
associated with increases in MOA in sending systems.

33

The following analytic results are presented as a multi-sided case study and begin with a
historic sociopolitical and geographic description of Sri Lanka to contextualize key details which
describe telecoupled relationships in the presented codes.

2.3.1. Sri Lanka: A case study
Much of Sri Lanka’s history has and continues to influence the country’s marine
ornamental market. Sri Lanka’s colonial past and its wartime history have facilitated the
development of domestic trade routes along with the geographic distribution of fisheries as well
as ornamental supply and export infrastructure (interview participant).

2.3.2. Sri Lanka: Colonialism, war, and development
The Sinhalese people’s history in Sri Lanka is traditionally thought to have begun in 543
BC. At that time, the name Tambapanni was given to the island upon the arrival of Prince Vijaya
as accounted in the Mahavamsa, Sri Lanka’s oldest historic text. Fourth century Greeks assigned
the name Sanskirt name Taprobane, meaning bronze leafed, to the island.
European colonialism first infiltrated Sri Lanka with the arrival of the Portuguese at the
command of military commander Lourenço de Almeida in 1505. Portuguese colonists proceeded
to develop along the countries coast, forcing the Sinhalese to relocate their capital to Kandy
within the island’s interior. Following the introduction of Christianity by the Portuguese,
tensions between native Buddhists and Christians escalated. Dutch Admiral Joris van Spilbergen
arrived in 1602. Upon meeting with the King of Kandy, Vimaladharmasuriya Ⅰ of Kandy, van
Spilbergen was recruited to remove the Portuguese from the country in hopes of quelling
religious and political tensions. Following the Dutch-Portuguese War, the Portuguese fled in
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1658, ceding control of the island to the Dutch. Sinhalese relationships with the Dutch soon
deteriorated as they were then subject to excessively high tax rates. Relationships between
Sinhalese and European colonists introduced the Eurasian ethnic Burgher population to the
island. The British arrived in 1796 responding to fears that a possible victory of the French in the
Netherlands during the Napoleonic Wars would cede them Dutch rule of the island. The British
invaded the Kingdom of Kandy in 1803, beginning the first Kandyan War where they failed to
overthrow the kingdom. Following the 2nd Kandyan War in 1815, the Sri Lanka independence
movement sought to earn self-rule from the British Empire. Ending 443 years of European
colonial rule, Sri Lanka declared independence in 1948. The Sri Lankan government declared the
nation a republic in 1972.
Broad gauge rail development began in the 1850’s with services beginning in 1864,
connecting vital trade hubs for the movement of coffee, tea, and other freight. Use of steam
locomotives was common from the mid 1950’s until the 1970’s when diesel locomotives came
into use. Modern rail uses serve as many as 300,000 passengers daily among some 324 trains
operating between 320 stations. These histories spurred development and generated many of the
cultures that now facilitate modern trade from Sri Lanka to international partners through a
network of historic and distant relationships.
Two thousand nine marked the end of the 25-year long Sri Lankan Civil War. Resulting
from an insurgency against the Sri Lankan government by the Liberation Tigers of Tamil Elam
(LTTE) in 1983. Commonly referred to as the Tamil Tigers, the LTTE sought to form a Tamil
state in defense of discrimination against Tamils perpetrated by the Sri Lankan government
which consisted of a Sinhalese majority. The war resulted in the death of over 80,000 individuals
and was ended by the Sri Lankan military upon the defeat of the LTTE. The geographic range of
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LTTE territory held during the war consisted of coastal plains spanning the country’s
midwestern, northern, and eastern regions. As a result of limited access to these regions during
the war, minimal development occurred and ecological resources in coastal zones along the
northeastern portion of the country remained relatively unexploited.

2.3.3. Sri Lanka: Climate and physical geography
Sri Lanka’s tropical climate is driven by its topographic features, including Central
Highlands, plains, and a coastal belt, each unique in elevation. The southwestern mountainous
region of the country is termed the wet zone, where the southeast and northern regions constitute
the dry zone. These important geographic features along with regional weather patterns drive
seasonal monsoons which have a significant influence on fishing activities in the northeastern
and southwestern regions of the country. Sri Lanka’s four seasons are thusly distinct as a result
of the monsoon cycle. The first inter-monsoon season spans March through April followed by
the southwest monsoon from May through September. The second inter-monsoon spans October
to November, transitioning to the northeast monsoon occurring from December through
February. The northeast monsoon carries precipitation from Myanmar across the Bay of Bengal,
accumulating moisture, which is deposited in the drier, eastern region of the country. Because of
this, marine ornamental collection in Sri Lanka is considered seasonal as collectors and suppliers
migrate against the country’s monsoon cycle, allowing them to collect and export product yearround.
Sri Lanka’s coastline extends approximately 1,700 km. Land area spans 65,610 km2 while
the continental shelf comprises an area of 30,000 km2 extending to a depth of 120 m. Upon the
establishment of the country’s Exclusive Economic Zone (EEZ) in 1978, Sri Lanka holds
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sovereignty of more than 517,000 km2 of maritime territory (Koralagama 2008). Coastal fisheries
account for as much as 60% of landed marine species, while 90% of marine fishers land their
catches in coastal fisheries (Long et al. 2011). Sri Lankan fisheries provide as much as 60% of
the protein consumed by the country’s population (Long et al. 2011) which is estimated at 22.89
million (World Factbook 2020).
The Sri Lankan Fisheries Atlas (2011) describes four varieties of reef habitat along the
country’s coastline. Sandstone and limestone, rock, coral rubble, and coral reefs each provide
habitat for Sri Lanka’s 600 reef dwelling and reef associated species. Most of Sri Lanka’s reef
habitats lack dense hard coral coverage. Coral reefs in Sri Lanka face a series of degenerative
challenges including limestone mining, destructive fishing practices such as blast fishing and the
use of destructive and indiscriminate fishing gear, pollution resulting from improper waste
disposal practices and coastal development, sedimentation resulting from coastal erosion, and
damage from boat traffic resulting from anchoring and collisions with reef structures particularly
by glass bottom boats chartered by tourists (Rajasuriya et al. 1995, Long et al. 2011).
Prior to a severe bleaching event in 1998, Bar Reef Marine Sanctuary, one of four marine
protected areas (MPA) in Sri Lanka located in the country’s northwest, boasted the country’s
largest and healthiest populations of Scleractinian coral. MPA management in Sri Lanka is poor
given little action has been taken beyond “on-paper” recognition. All four of Sri Lanka’s MPAs
have been heavily degraded as a result of sedimentation, uncontrolled pressure from tourism
activities, fishing and the use of destructive fishing gear, and the collection of ornamentals for
the MAT (Perera and de Vos 2007). Hikkaduwa Marine Sanctuary off the southwestern coast has
experienced similar degradation, where Bar Reef and Hikkaduwa historically contained 60 to 80
percent coral coverage. Coral coverage among rock, coral rubble, and sandstone reefs averages

37

less than five percent. In addition to the 1998 bleaching event which impacted corals to a depth
of 12m, Sri Lanka’s east coast reefs were heavily damaged by the December 26th, 2004 tsunami
which devastated coastal communities, killing 3,957 people (Birkmann and Fernando 2008).
Historically, Sri Lankans working in the marine ornamental sector earned an annual
US$5.6 million (2001) by supplying marine ornamental species (MOS) to as many as 52
countries (Wabnitz 2003). A 2011 report on marine ornamental fisheries in the country
accounted 30 importing countries in the 1980’s, which was reduced to as few as 17 by the mid
90’s (Long et al. 2011). The marine ornamental market in Sri Lanka is reportedly growing in
spite of supply chain consolidation to fewer countries (this study). The UK, Hong Kong, Japan,
Taiwan, Germany, France, and the USA serve as Sri Lanka’s primary importers (Rhyne et al.
2012), while developing markets access Greece, the UAE, and China (this study). As the marine
ornamental market in Sri Lanka continues to change, it is important to recognize that few in
depth studies have been conducted to assess and quantify the status of Sri Lanka’s fisheries.
Available data indicates overharvest continues to degrade many of the country’s fisheries (Long
et al. 2011).

2.3.4. Emergence of a sending system
An accounting of diverse dynamics within and between systems aids in understanding the
emergence and evolution of telecoupled systems. These can include institutional histories along
with cultural traditions and values, and extending to historic, environmental, socioeconomic, and
political domains. Critical inquiry of these domains may be useful in understanding system
vulnerability and in developing adaptive capacity.
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Participants in the sending system of Sri Lanka described diverse and complex
circumstances and motivations, which facilitated their entry into the marine ornamental market.
Members of the Burgher community were noted as playing significant roles in establishing the
first markets for marine ornamental exports. Exports reportedly began in the 1930’s, increasing
modestly into the 50’s. Early shipments were transported by sea on vessels to various countries
while in route to Hong Kong. During this time collection was limited by available tools such as
snorkel equipment.

There was a company called Nimrods, loading the spearguns and air rifles and
things like that. It's a very old company no? They imported a little of this diving
equipment, the googles, fins, snorkels and thinks like that. And underwater small
torches. They were at that time 75 rupees. So, 75 rupees also for us for the
beginning year, the start year is difficult. So maybe we managed to borrow a mask
or pair of fins and go and see the bottom and dive just to catch small fish and take
it by myself to the company by bus. Put it in bags and carrying it to the company
and taking the money coming back the next day we go diving like that you know.
That is how we started. [Exporter #1]

Sri Lanka has an advantageous geographic location where flight connections facilitate
key receiving systems in Europe and East Asia. Sri Lanka’s Banaranaike International Airport
(CMB) presently hosts 36 airlines, accessing 53 destinations among 25 countries. Around 17 of
those countries receive products from Sri Lanka’s marine ornamental fisheries. Participants cited
increases in airlines and direct flights as opportunities for their business growth.
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Now we have direct flights from Dubai to Los Angeles, so that means it has become even
more convenient to ship through Atlantic than shipping through west coast Air Pacific to
Los Angeles. [Exporter #2]

Opportunities facilitated through the advancement of technology and industry can be
treated as telecoupling processes resulting from the creation of new networks and flows of
information, material goods, and capital.

I started supplying to a company. And the companies, one or two comes up like
that like every four years you get another new exporter, so we used to take fish to
him also. Or he used to come buy the fish from us here. Like that, only the
companies came up. But very recently about twenty, twenty-five years back, like
this the export companies came up. Everybody who had a little money wanted to
do the exports. [Exporter #1]

These codes illustrate supply and demand dynamics in the MAT drive market
developments through telecouplings as access to resources in Sri Lanka’s marine ornamental
market have increased over time.
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2.3.5. Collecting marine ornamental species in Sri Lanka
In the mid 1970’s the introduction of scuba diving technology to the country enabled
sustained exploration of underwater habitats. In Sri Lanka, the collection of MOS occurs yearround, with divers
migrating between
western and eastern
coastal zones to reach
favorable weather
throughout the
monsoonal seasons.
Collection on shallow
reefs occurs at depths

Figure 2.7 A boat operator awaits the return of a marine ornamental diver
collecting on a nearshore reef.

between 20 to 35 meters, however, it is not uncommon for divers to work at 50 to 60 meters.
Shallow habitats are becoming increasingly degraded. To maximize time on the water, it is not
uncommon for divers to fish alone. This practice affords room on vessels for as many as six
scuba cylinders for use by the diver, while a single boatman is responsible for navigation and
assisting the diver (Figure 2.7). Divers typically own their own dive and collection gear,
consisting of a scuba mask, a pair of fins, a lead weight belt, and a regulator (Figure 2.8). Gear
and instruments which are not personally owned such as oxygen cylinders may be leased to them
from a supplier. While exceptions exist, many divers do not own air pressure or depth gauges
and are unlikely to be equipped with a buoyancy control device (BCD). Those without reference
gauges rely on intuition and experience to gauge their collection depth and bottom time. Dive
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gauges, BCD’s, and secondary regulators are costly and often inaccessible and may be viewed as
unnecessary by divers.
One of the most sought after MOS collected by divers is the fire shrimp, which is
collected in waters ranging from 30-50 m. Suppliers rely on the collection of fire shrimp as a
critical portion of their profits. The monetary incentive for divers to collect the shrimp
commonly puts them at risk. While doing field work for this research, during separate incidents
two divers were reportedly killed while collecting, each succumbing to symptoms decompression
sickness (DCS), also commonly referred to as the bends. These occurrences exemplify the risks
marine ornamental fishers take on a near daily basis.
DCS occurs when a diver ascends from depth rapidly, thereby being exposed to rapid
changes in barometric pressure. Without decompression at depth, achieved by ascending slowly
and observing a timed stationary stop at around 6 m,
dissolved gasses including nitrogen and oxygen come
out of solution in the bloodstream. Gasses migrating
throughout the body often accumulate in joints such
as the knees, ankles, elbows, and shoulders resulting
in DCS and arterial gas embolisms. The Sri Lankan
Medical Association and the Directorate of Health
Services – Sri Lankan Navy have published (2013) a
divers Guide to Management of Decompression
Sickness (DCS). Guides were widely distributed,
provided by exporters and suppliers to divers. The
Figure 2.8 A Sri Lankan ornamental collector
prepares for a dive.

guide includes information on diagnosing and
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applying first aid care to divers suspected of having DCS. The guide also provides resources for
hospital admission protocols as well as actions divers can take in cases of delayed treatment. In
spite of special trainings organized by the EDB along with available literature, divers are
continuing to take fatal risks while fishing.

They go to 135 feet and so far, about 30 divers are dead, 30 are paralyzed. The
bends. They never use the depth gauge. They dive, say 100, 150 feet, then they
must come up to thirty feet and use two tanks, then another one tank. They never
do, they use all four or five tanks in deep water, come up. They can see the red
danger level. They take off the watch and they send the watch to the deep water
until it's okay. [Exporter #1]

Divers each have unique motivations for accepting risk. Socioeconomic and
environmental factors were described by interviewees as influencers of risk inherent decision
making. Divers cited lost wages resulting from intolerable weather conditions at sea as reasoning
to accept greater risk. Irregular seasonal weather patterns where an increasing cause of missed
collection as surf was reportedly unnavigable or water was too turbid at depth, reducing visibility
and preventing divers from locating their targeted catch. As diver income is based on the number
of MOS collected and sold to a supplier, accepting risk results in higher earnings or opportunities
to make up for lost income, particularly when weather has prohibited collection for consecutive
days. Participants commented on diver spending behavior as it relates to their income and risk
associated behaviors.
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Whatever money we earned we were spending just doing what we wanted but we
were not drinking. We used to go for flings, take five or six people, with the boys
with us, so whatever little money we had we never saved. I of course I have not
saved. Still I haven't saved anything. [Exporter #1]

A portion of the diver’s daily income is used to pay the boatman. This may transfer
incentivized risk to the boatman who depends upon a portion of the diver’s earnings for his own.
In conversation, one boatman cited the difficulty of spotting a diver once he had surfaced. There
is a risk of being lost at sea if a boatman cannot locate a diver upon surfacing. Boatmen rely on
their familiarity with a diver’s bottom time to determine when they can expect a diver to surface.
While a diver is collecting, boatmen follow the trail of ruptured bubbles at the surface which
give indication of the diver’s location below. This may prove especially challenging when white
caps and high swells are present. Divers are not typically equipped with an inflatable floatation
device or rescue signal unless one is provided by a supplier. Once a diver has surfaced, the
boatman will assist him in bringing the catch aboard the vessel where it is stored in a drum which
is tethered to the deck to prevent spillage. Decompression stops between dives are not routinely
observed. Once the boatman has arrived at the next collection site which he uses Global
Positioning System (GPS) coordinates to locate, the diver promptly returns to the water. The
boatman will return to shore once a diver has depleted each scuba cylinder or if the diver finds
collecting conditions unfavorable and prematurely terminates the dive.
Participants recognize Sri Lanka as an expensive supplier of marine ornamentals due to
the care collectors and suppliers take while handling product. Product value is perceived as being
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greater coming from Sri Lanka relative to higher volume exporting countries such as the
Philippines and Indonesia. One participant shared the sentiment that among sending systems in
the MOST, Sri Lanka practices more responsible collection methods, environmental
conservation strategies, regulatory implementation than other systems in Asia. Consequently, the
participant stated:

Sri Lanka is still struggling to become a higher percentage of the global market in
terms of marine as well as freshwater [ornamentals]. I think one of the reasons we
cannot develop is because of the very strict laws that are enforced in Sri Lanka.
You can’t play with the environment the way you want. [Exporter #2]

According to the 2009-2018 Export Performance Indicators (EDB report), Sri Lanka’s
lead importing markets for ornamental fish (freshwater and marine) include the United States,
United Kingdom, China, Germany, France, Japan, Italy, Canada, Russia, and Poland
respectively. Sri Lanka’s ornamental sector accounts for 6% of fisheries production. The
ornamental fish market has seen an average annual growth of 3.50% from 2014 to 2018. China
represents the fastest growing market, at an average annual growth of 71.47%, followed by the
Ukraine (47.11%), Singapore (43.72%), and Brazil (33.7%). Trade to Germany during this time
frame has decreased 10.18%.These statistics represent the total of both freshwater and marine
ornamental fish exports, as no distinction was made between the two sectors in the EDB report.
The total value of ornamental fish exports to the United States in 2018 was US$4.71 million,
while the United Kingdom market earned US$1.4 million. Comments shared by sending system
participants suggest their marine ornamental markets in China, Canada, and Middle Eastern
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countries such as Qatar are experiencing positive growth.

2.3.6. Sri Lanka: Fire shrimp, Lysmata debelius
A central focus of this research was on Lysmata debelius due to its role as a key species
among those collected for the Sri Lankan ornamental market. The Marine Aquarium Biodiversity
and Trade Flow database indicates Lysmata amboinensis, L. debelius, followed by Linckia sp.
comprise the most exported invertebrates from Sri Lanka by volume
(www.aquariumtradedata.org, accessed May 3, 2020). Available data represent the years 2000,
2008, 2009, and 2011, with the majority of exports into the United States imported in Los
Angeles International Airport (LAX). In any given year, the export volume of L. debelius
exceeded that of the most exported marine ornamental vertebrate from the fishery, Valenciennea
puellaris. Unanimously, sending system participants expressed the greatest reliance on L.
debelius to generate revenue and sustain their livelihoods.
Divers collecting
L. debelius (Figure 2.9)
can expect to earn
between LKR 250 to 550
(US$1.50-3.50), while
exporters prices range
from LRK 500 to 800
(US$5-7). Depending
upon the contracted
supplier, product size,

Figure 2.9 Left) A Sri Lankan boatman receives a diver’s catch of L. amboinensis.
Top right) L. amboinensis stored individually in divided aquaria, held for export.
Bottom right) L. debelius held in saucer sieve prior to export.
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season, and supply locale i.e. Indonesia versus Sri Lanka, United States wholesale importers can
expect to pay between US$2-8 per shrimp.
One participant noted a business partner had attempted to aquaculture fire shrimp but was
unsuccessful in raising them past the zoeal developmental stage. Efforts were discontinued after
numerous unsuccessful attempts. Additionally, this participant commented that the long zoeal
phase of the species would likely prevent aquacultured specimens from being cost competitive as
buyers may not be willing to pay the premium required to recuperate production costs. This
participant expressed confidence that investing in aquaculture production of anemonefish would
likely be a more worthwhile undertaking for his business given the challenges associated with
producing fire shrimp.

I remember the first fire shrimp were collected by a diver, his name was Asoka.
There was no name for it then. We called it the Asoka shrimp. Then the second
one I collected after one year. One pair I collected. It was in a dark place, about
120 feet down. In a cave I saw something like white legs. I collected. Nobody
knew the name other than the Asoka shrimp. [Exporter #5]

Participant statements indicating the collection and supply dependency attributed to L. debelius
in Sri Lanka were coded and organized into a concept table (Table 2.2).
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Table 2.2 Sending system codes describing resource dependency

Stakeholder dependency on fire shrimp, Lysmata debelius
Concept

Definition

Example

Dependency

Resource dependent
stakeholders and
communities rely on
access to a resource with
a limited geographic
range or abundance, or
are otherwise
economically dependent
upon a specific resource
(Marshall et al. 2007).

The cleaner shrimp and the fire shrimp is
our bread and butter in Sri Lanka. It is
maybe the most demanded fish from Sri
Lanka because you don't in other countries.
The fire shrimp and the cleaner shrimp. The
cleaner shrimps you get in Bali. I heard that
it is very small. And even they have bred
the red fire shrimp and the cleaner shrimp,
and they don't grow big. And the color is
like an odd color you know. So, they have
given up that because it is not a
success. [Exporter #1]
In Sri Lanka, a critical component of
our marine export is these shrimps.
The cleaner shrimps. [Exporter #2]
Some of our hot sellers would be some
blennies, like the bicolor blenny, and
the diamond goby, blue surgeons,
emperor angels, naso tangs, and of
course sea anemones. But the most
priority items for us is the shrimps,
and that means only the fire and the
cleaner. [Exporter #3]
I think the Sri Lankan industries, the
marine industries, depending on
shrimps. [Exporter #4]
The fire shrimps and cleaner shrimps
is very important to our shipments.
The availability changes for us with
the season, but always we are relying
on these shrimps. [Exporter #6]
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When asked how large-scale commercial production of aquacultured fire shrimp might
affect revenue, one participant shared his skepticism that such a scenario was possible. He cited
the challenges with producing the shrimp at a low cost but went on stating that such production
would decrease his business by as much as 30 to 40% given that sales of other marine
ornamentals would decline if fire shrimp were not available at a competitive cost. His business
model demonstrates resiliency in that 60 to 70% of revenue was derived from sales of freshwater
ornamentals. By supplying and exporting both freshwater and marine ornamentals, this
stakeholder’s business model is less vulnerable to collapse. He went on to suggest:

For people who do 100% marine fish, only marines, it would surely be a big impact for
them. Because they send only to big marine stores and this [fire shrimp] is an important
item for them. [Exporter #3]

These codes establish participant resource dependency on fire shrimp and suggest
stakeholders who do not incorporate freshwater ornamental products into their business models
are prone to vulnerability should aquacultured fire shrimp become commercially available at a
competitive price outside Sri Lanka. The possible displacement of wild caught fire shrimp with
aquacultured individuals signals the potential generation of a spillover system where traditional
product production is met by nontraditional means in a foreign system.

2.3.7. Sending system disruptions
Supply chain disruptions can occur when stress is applied to one or more operational
levels in a system. Stressors may originate from within the system or externally as a result of
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actions or outputs from seemingly unrelated systems. Marine ornamental fisheries and their
associated stakeholder groups are subject to disruptions which they may or may not have a
means of control over.

2.3.7.1. Pollution and telecoupling
“One of the major factors of destruction of coral reef is the pollution” [Exporter #2]. Sri
Lanka ranks fifth in the world among the most plastic polluted nations (Jang et al. 2018).
Participants
unanimously described
numerous forms of
pollution negatively
impacting marine
ornamental collection
sites (Figure 2.10).
Cited pollution was

Figure 2.10 Plastic waste accumulates on a beach adjacent to a fishing community.

often the result of food
fishing practices, coastal development, and mismanaged waste disposal. Discarded fishing gear,
including large trawl nets have degraded Sri Lanka’s coastal zones.

Those are the things that the government must know now. Actually, that it is
banned but everybody is using [bottom nets]. No monitoring. [Exporter #1]
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I remember till very recently, recently meaning a couple years back the Dehiwala
canal. The canal comes like this and it ends here, this is the sea. There is a big
sand bar you know. Now what they have done is the sand bar is removed, the
canal flows straight into the sea and they have put like a pier for the water to go
like that. So everyday what is happening all this rubbish is coming. All with
polluting bags, cellophane bags, those shopping bags. People put dirt and throw
into the canal; from the canal it comes into the sea. It gets stuck under every rock
so the whole breeding places they are gone. [Exporter #1]

Without consistent ecological surveys to monitor species populations in coastal habitats,
fisheries lack important baseline data which aids in establishing sustainable fishery management
practices. A lack of accountability among fishers who engage in harmful and illegal fishing
practices enables bad behaviors which are likely to be adopted by subsequent generations of
fishers. This has resulted in reports of increased fishing efforts while landings diminish. Fishers
have adapted to these consequences by relocating their fishing effort to more distant or remote
waters. In some cases, this results in fishers taking greater risks for which their landings may not
compensate them. In this way, both food fishers and marine ornamental collectors are subject to
consequences of negative feedback generated by their actions. Without adequate resources
allocated to enforcement authorities and ecosystem monitoring, achieving sustainable marine
resource use seems unlikely.
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2.3.7.2. Mushroom exporters
The emergence and actions of “mushroom exporters” was also cited as problematic to
industry operations by all but one participant who was himself a mushroom exporter. Mushroom
exporters are described by participants as small-scale actors operating without infrastructure so
as to avoid paying overhead costs. The word “mushroom” refers to the unpredictable and
randomized establishment of the businesses which are often disengaged from collective industry
dialog. By avoiding overhead costs associated with facility maintenance, animal welfare, and
employee salaries they are able to reduce product costs, effectively undercutting competitor
prices. One participant noted that, “more and more exporters are undercutting each other”, and
stated that this has been an issue in the Sri Lankan market for around 22 years.

Now it's not stable [referring to the participants job as a supplier] because actually
there are exporters who come up very soon, you know, I don't know how they
find the money, they grow very fast and they start exporting at a very low price.
And they keep on tapping our buyers also. So, when they send the list to our
buyer, they always compare if it's 25 cents or 50 cents different even he will order
from them. There are some people who don't have the holding facility even. They
keep in bags. Oxygen and keep for two, three days, four days, five days.

The fish is weak, and they export no? But one thing in that is that this is free. That
kind of thing. So, there are buyers who like to buy like that. They can give it a
cheap price. They don't have overheads. No salaries, no light bills, skimmers,
motors, nothing working. [Exporter #1]

52

While price competitiveness is a near universal business strategy, this has proven
problematic for industry as these market actors evade regulations, degrade product quality, and
damage the reputation of Sri Lanka’s marine ornamental market. According to participants, such
practices have been addressed by stakeholders at annual industry meetings, but there is little
indication that industry standards will be updated to enforce standardized operational business
practices. As a result, these “bad actors” leave the MOST vulnerable to trade prohibitive
regulations by wounding market reputation. Though most participants described mushroom
exporters as problematic for their market, interpretations of the severity of the problem and
resulting consequences were varied. Opinions from two participants considered the impact
serious, suggesting that mushroom exporters were entering the market with greater frequency
and degrading the reputation of the market with poor quality products. Three participants
suggested these dynamics were normalized in the market and while detrimental, they did not feel
the market was especially threatened by their presence.

It is quite a big concern [mushroom exporters]. There is no way for very good
control by the government or you know, if there's a system to do it. What we
suggest is for a person to have a facility and have some people trained on the job
and then do it so, they have some kind of expenditure and we trust such, and we
have a minimum cost where they undercut the market and things like that. And as
I told you, the industry is so small so the intention is less I would say.
[Exporter #3]
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Participants who shared opinions on the addressing the challenges caused by mushroom
exporters suggested a preferred market model where prices of MOS are harmonized among
suppliers.

I think that is the best thing for all of us that the exporters don't undercut
each other but they keep everything at one price. Everybody can live
nicely [Exporter #1].

Exporters reported discussing price wars with mushroom exporters at association
meetings, including meetings with EDB members and members of the SLTFEA. The apparent
influence of mushroom exporter business practices on adjacent stakeholders who maintained
infrastructure and manage overhead costs can be framed as an adjacent telecoupled sending
system. Here, actors within the same system are codependent upon the same resources and
supply chain network structure are connected by system boundaries. However, through distinct
business practices, actors interact with and influence the shared system in unique ways,
transforming the systems flow networks.

2.3.7.3. Changing environments
Degradation of reef environments along with increasingly unpredictable weather
conditions and overharvest were described by all participants as causes for concern. It was
suggested that degradation of reef habitats was resulting in reduced collection volumes which in
turn damaged the attractiveness of the market to potential buyers (Table 2.3).
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Table 2.3 Environmental effects result from spillover dynamics

Spillover by environmental effects
Spillover
type
Large/
Spatial
externality

Explanation

Code

Apparent changes
in weather
patterns may be
attributed to
climate change.
Consequences
experienced in
spillover systems
result from the
generation of
distant GHG
emissions
(Schott et al.
2009).

From about five to six years back, from
that time onwards only this all happens
you know. Now in Trincomalee or
Batticaloa is also the same. Fish are
less and sometimes they have not bred
but they are in big size. So, these
people what they do is because they
want to cover the order, they send big
fish also. That is one thing, and also the
weather conditions are very bad from
these past five to six years. The sea you
can't depend on the sea. [Exporter #1]
Most of the shallow reefs were
bleached and most of the varieties of
fish that were there disappeared.
[Exporter #2]
Here we see a lot of changes. We see
the pattern of rain has changed; the
wind has changed. Species wise we
don't see much. But because I am not a
diver, I cannot tell you exactly what is
going on inside. But we don't have
huge changes on what we receive.
[Exporter #3]
The biggest challenge is the
environment. It's changing day by day.
Still we are catching daily. These days
the sea's very rough, lot of wind so
divers cannot go and catch the fish. For
the marine trade it's the most
challenging is the weather… Currents
have changed and because of that we
are getting in short supply.
[Exporter #4]
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Unanimously, participants described the 2004 tsunami as having greatly impacted
the market, resulting in stakeholder fatalities and loss of businesses. Government
reparations were shared among impacted communities, facilitating new entry into the
marine ornamental market.

The whole south was affected. I had 22 suppliers supplying me fish from
Matara. After the tsunami we get about 35 because the young boys also
started. The government gave them boats, engines and things like that.
[Exporter #1]

Disruptive weather was consistently associated with a reduction in collection
opportunities. Stakeholder vulnerability resulting from meteorological uncertainties attributed to
climate change and greenhouse gas (GHG) production is indicative of spillover processes and
associated negative consequences.

2.3.7.4. Overharvesting fisheries
Overharvest of MOS as well as sea cucumber, grouper, and snapper were causes for
concern among participants. Nesting associations between grouper and ornamental shrimps were
described as threatened by spearfishing activities, though the practice is outlawed. Relationships
between species targeted for food-fish harvest and those targeted by marine ornamental
collectors indicate competing interests among fishing sectors, generating consequences
suggestive of spillover processes (Table 2.4).
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Table 2.4 Overharvest of marine resources

Spillover by resource overuse
Spillover Type
Competing
interests
/environmental
externalities

Explanation
Multiple
industries
engaged in
resource
extractive
practices
occupy an
overlapping
geographic
range
(Manwa
2003).

Code
For my whole diving career, I know
that this is the first time I hear that
Trincomalee are not getting clowns.
You won't believe last season we
couldn’t get our, normally every
shipment I put 50/50. There are 50
clowns, the two stripe and the three
stripe. But this time I don't get 10
clowns. The breeders are also taken
away so that goes down. That is
actually what is happening most in
the sea. If they don't breed this
season, next season they'll breed
again. [Exporter #1]
I think in Sri Lanka one of the major
disadvantages we have had in the
past decade is the collection of overexploitation of sea cucumbers.
[Exporter #2]
We harvest a lot of fire shrimps and
cleaner shrimps, but it has been there
for the last 20-30 years despite doing
it every year and every month.
So, I don't know if it's really the
collection which destroys or if the
environment changes and it's gone.
We can't say exactly. [Exporter #3]
Now divers are collecting shrimps
and fish and everything, but some
divers are collecting all the
cucumbers available in the daytime.
Now in the daytime they are gone,
and they go in the night. Some sea
cucumbers come, and they are over
collected. When all these are
collected, the sea is dead. All are
wiped out. [Exporter #5]
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Three participants shared the opinion that overcollection had been a problem in the trade
for decades, and that fluctuations in catches where to be expected and likely resulted from
seasonal differences in the
reproductive patterns of target
species (Figure 2.11). Two
participants held opinions that
a more long-term downturn in
collection rates was occurring,
and that divers where spending
fewer days on the water due to
increasingly poor weather

Figure 2.11 Dried sea cucumbers collected in Sri Lanka are sold at markets
in East Asian nations such as Hong Kong, Japan, and Taiwan.

conditions.

2.3.7.4.1. Technology advances overharvest
Global positioning system (GPS) technology is now commonly used by divers to locate
favorable collection destinations. Comments by participants indicate GPS usage has resulted in
overcollection of dive sites. Conversely, one participant noted that more cautious divers will
moderate their collection from designated sites taking care not to overharvest, knowing that a
continuous harvest is a greater benefit than higher short term earnings.

They know exactly where the reef is. They have a system, now they are all
working on GPS. A small GPS like this. They put the point and they go and lay
the net you know. They use the GPS. They come and dive here. They come and
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tell the boatman put the point. He will look and put a name there and put a point.
Tomorrow he will come and start from here and dive 13 rocks. That is the danger
part in this trade. It is getting washed out. Every fish is caught. [Exporter #1]

Divers have GPS, so they found one place and they mark it, then they know if
they find 100 shrimp, they will collect 20 and bring. Then next season when they
go, they have the same amount of shrimps. So now when they are going, the
divers, they wipe out everything. That is also a big problem. [Exporter #5]

Awareness of overcollection risks resulting from the use of GPS by marine ornamental
collectors was also discussed in a conversation with a member of the International Union for the
Conservation of Nature (IUCN) in Sri Lanka (A. Rajasuriya, personal communication,
November 26, 2019). GPS technology is also used by fishers in the lobster fishery, indicating the
practice is not exclusive to aquarium fish collectors. Risks posed by overcollection might be
mitigated for some species if aquaculture production was further developed by suppliers in the
country.

2.3.8. Telecoupling and violence
Spillover systems may be generated by acts of terrorism and war whereby the
productivity of a system is altered, often negatively, as a result of distant political or religious
strife. During the study period (April 21, 2019), six bombs were detonated, targeting
infrastructure which included three catholic churches, and three luxury hotels between Negambo
and the commercial capital of Colombo. The month following the violence, MOST exporters
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cited negative impacts to their businesses including employee fatalities, inability to export
product due to sharp declines in incoming air transportation resulting from tourism risk
avoidance and travel advisories. Voluntary, community-lead security initiatives removed
business owners and employees from their work to monitor schools and religious service events.
In this way, the MOST is shaped by stakeholder roles which depart from those likely to be
considered in industry discussions.

We have to go to the school and do the security. Today 4:00, Sunday School is
start. I have to go and stay the in the garden, I have to cover, me myself and some
of the fathers and when they come, they will use some knife or sword or
something. They will damage. We are afraid. So, we are cover it. My son, this is
his school! I have three children, three boys. Eldest one is grade 4, youngest one
is grade 2. On July 15th and 29th I have to go in the morning 6:30 until 2:00 pm I
have to be there. To give security with the other staff and the other parents.
[Exporter #2]

The problem is, as soon as the ISIS attack, 100%, maybe 90% of tourism left the
country. The whole banks have given millions of monies, funding recommend by
the government. They gave a lot of loans at low interest. So, they've lost so much
money. And I think 15 flights were canceled. For a week or a day not coming to
Sri Lanka. That is a big loss also. Four weeks [after terrorist attacks] it was very
difficult to get space, and the tourists were going. We are mentally upset. Most
the flights were canceled because the planes were empty. [Exporter #5]
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Historically, the geography of marine ornamental collection in Sri Lanka along with the
preservation and use of coastal habitat was influenced by the Sri Lankan Civil War (Table 2.5).
Table 2.5 Consequences sociopolitical actions cause spillover effects

Spillover by sociopolitical disruption
Spillover type

Explanation

Code

Legacy/adjacent/
negative

Historic, spatially
confined system
disruptions resulting
from social and political
tensions resulting in
system change
(Sheffi 2002).

During the war time we had security issues.
We had delays actually, checking the vehicles
and things like that. Other than that, we would
have no big issue. The diving was going on.
We had terrorist issues in the northeast but yet
you were getting the fish. Maybe a couple of
hours late but you were getting. There are
interruptions always going on there, but it was
not so bad. [Exporter #3]
Some places you could not dive because LTD
net terrorist areas and if, if a minister or
president or prime minister is going there for
two or three day, you can't. Diving is not
allowed that area so no fish for two or three
days. Something like, big hassles. And in the
end of 2007 and 2008 uh, about five places
you had to unload all the boxes on the weight
belt, and they check. They are given their
staff, uh, but you should show five times, five
places. It, normally it takes five hours then it
took ten hours. Very stress, fisher’s way got
very stressed. [Exporter #4]
Early years also we had wars. I want to go to
Colombo, but going by bus is risky, cheaper,
but risky because you don't know when the
bomb blast will happen in the bus. So even
high cost myself, I'm going with my car. Very
expensive. At that time going to Colombo and
petrol maybe 1,000 rupees or plus at that
time, but I have to go because uh, I'm afraid.
When I go bus and it’s a risk. So, after 2008 it
was ok and we live like you in US, very
freedom, nothing [domestic attacks] happens.
[Exporter #4]
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2.3.9. Social and economic flows
Larger or more established exporters, defined as those with ten or more years in the
business, noted their abilities to source from and ship product to multiple receiving systems,
thereby diversifying trade flows and reducing their reliance on a small number of importers and
suppliers. Participants described that increasingly liberal parliamentary practices are providing
business opportunities to foreigners. Those from China and Middle Eastern countries are
immigrating to Sri Lanka, entering the MOST to exploit the ease of business establishment in the
country. Economic fluctuations tied to international currency exchange rates are causing some
exporters to limit the number of countries they supply. One participant stated:

Earlier, I was exporting to many countries but now I am limiting it to a few
countries because I felt that the competition is getting tougher and tougher with
the appreciation of the US dollar. In Sri Lanka, some companies have been
considering cutting down their invoicing prices. [Exporter #2]

Available credit within the private sector slowed significantly in 2019 from 2018 levels
(Central Bank Report 2019). Though the Central Bank has taken action to mitigate economic and
market downturns through various measures of liquidity injections, money market liquidity
fluctuation trends remained negative through much of late 2019. The global outbreak of COVID19 has disrupted economic and financial market activity (Central Bank of Sri Lanka 2019, 2020).
In response, the Central Bank has reduced deposit and lending facility rates in addition to
lowering the Statutory Reserve Ratio effect in March 2020.
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2.3.10. Aquaculture in a Sending System
Perceptions of MOA varied widely among participants, with all sending system
participants (n=6) expressing interest in production by means of MOA. At the time of this
research, only one exporter in Sri Lanka was identified as a producer of aquacultured marine
ornamentals. This exporter was among the most established in the system in terms of time spent
in the trade, investments in infrastructure, number of employees, and markets served (freshwater,
marine, public aquarium). All other exporting participants expressed desire to include MOA into
their business models. There was little variation in rationale behind motivations to participate in
MOA, with the dominant reasoning being market competitiveness. No participant had
exclusively stated a motive of sustainability or business resiliency, suggesting that producers in
this sending system may not be focused on the conservation narrative commonly associated with
aquaculture production in other systems. The single participant producing aquacultured marine
ornamentals cited market novelty as the primary motive for production. All other participants
shared a desire to aquaculture at a minimum, anemonefish and their associated “designer”
variations, and ornamental shrimps, being L. debelius and L. amboinensis. While all participants
expressed desire to participate in MOA, cost was the most commonly cited reason for
nonparticipation.
Of the participants supplying both freshwater and marine ornamentals (n=4), all were
reliant on access to aquacultured freshwater ornamentals with a majority (n=3) producing their
own products for export. The participant without these production means was a small-scale
exporter dependent upon independent freshwater ornamental aquaculturists for supply.
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The topic of breeding marine ornamentals has been discussed “for some time” among
exporters collectively at trade association meetings where many suppliers have expressed a
desire to recruit resources and begin MOA. Exporters have requested assistance for MOA
support in conversations with the Minister of Fisheries and overseeing government agencies
including the National Aquaculture Development Authority (NAQDA). Among academic
institutions in Sri Lanka, seven offer training in aquaculture practices, research, and
development. These institutions are: Uva Wellassa University’s Department of Animal Science,
Faculty of Livestock Fisheries and Nutrition’s Aquaculture and Fisheries program, Ocean
University of Sri Lanka’s Faculty of Fisheries and Ocean Science, The University of Jaffna’s
Department of Fisheries, University of Ruhuna’s Department of Fisheries and Aquaculture,
Rajarata University of Sri Lanka’s Department of Biological Sciences, and the University of
Peradeniya’s Faculty of Agriculture. Among these institutions, none are consistently engaged in
MOARAD. Aquaculture research initiatives have been predominantly focused on the production
of species of food fish and crustaceans. Efforts have been made to aquaculture some MOS such
as seahorses and fire shrimp. While fire shrimp production efforts where reportedly successful in
the past, commercial scale production has not been reported in the country.
Participants described news of a government sponsored MOA facility which suggests the
potential for a possible shift in MOA production within Sri Lanka. The development of a
government owned MOA facility raised confusion, skepticism, and optimism among exporters.
One exporter stated he felt the addition of the facility would benefit the market and
domestic exporters, however little detail had been given to stakeholders indicating how the
facility would be managed and how it might incorporate or serve existing businesses. Another
exporter expressed skepticism and distrust in the government’s intervention into the marine
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ornamental market. A participant stated that it was unlikely the individuals involved in the
project would disclose any aquaculture methods to local stakeholders, citing a probable desire to
retain proprietary information and a hold on the development of the MOA market. Unanimously,
no participant could describe the scale or objective of the proposed facility. One participant
mentioned that a particular minister had proposed and funded the development, likely for
personal gain.
Participants were unclear as to how they might be incorporated into the operation or how
they might benefit from any resulting production. It was also unclear as to whether the
government would be operating the facility as a for-profit business for direct export or if local
exporters and suppliers would have opportunities to source products from the facility. When
asked about how the government would staff the facility, participants were unsure if they would
be consulted to provide staff or if domestic or international professionals would be brought in to
oversee development and production. The governments lack of communication and transparency
with local industry relating to this development appears similar to commonly cited malfunctions
in communication, indicating an overall lack of cooperation and organization among industry
leaders and government officials. Participants could not rule out the possibility that the minister
in charge of the project might exclude industry participation in favor of personal gain. A similar
development was funded by a minister which produces farmed freshwater ornamental plants to
supply domestic and international markets. The government funded operation is in direct
competition with local suppliers.
One participant described efforts made by his business partner to aquaculture L. debelius.
This venture ended prematurely due to challenges in survivorship during the species long larval
cycle. This participant added that if it were not possible to aquaculture L. debelius, there would
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be value added to his business if he could produce anemonefish alone. Efforts were abandoned
after several trials with no success. Another described inhibitor of MOA participation was a lack
of time and staff dedicated to marine ornamental aquaculture research and development
(MOARAD). One participant noted beginning MOA as a business priority and proceeded to cite
similar obstacles such as a shortage or time and professional help as causes for delay. The single
participant already involved in MOA commented that the pay rate for a specialized employee
trained in aquaculture was significantly higher than others. Locating individuals with adequate
aquaculture experience to hire was also a cited challenge.
All exporting participants expressed high degrees of concern over the prospect of fire
shrimp aquaculture reaching a commercial scale outside of Sri Lanka. It was stated that this
scenario would “surely have a big impact” on the greater MOST in Sri Lanka, with exporters
who were fully reliant on marine ornamentals being especially vulnerable to negative economic
impacts. Additionally, participants emphasized that having the means to produce aquacultured
marine ornamentals was important for their businesses. One participant commented, “with
aquaculture we can still have a chance” if limitations are placed on the fishery by the
government. Exporters described profit margins for aquacultured products as a concern, citing
margins may be much lower than importing counterparts.
Exporters with a desire to incorporate MOA into their business models require
expendable capital to do so. Participants commented on the challenges of acquiring sufficient
funding to undertake aquaculture projects. Prominently mentioned by all participants was the
prohibitively high interest rates on business loans. Acquiring a business loan in Sri Lanka was
described as challenging, with loans carrying very high rates when compared to those offered in
the United States. One participant described borrowing challenges relative to government and
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private sectors, where government authorities have easier access to funds and can thereby invest
in MOARAD while private sector investors do not have equal opportunities to get funding.

Here we have very high [interest] rates. Not like you, your country [USA].
[Exporter #4]

[Of beginning aquaculture work] the main challenge is the funds. And we uh, settle
the loan year. Last year, the loan we took for this building. And after that we started
that project. And it's about 15 million Sri Lankan Rupees so our target is until that
ends, we are not going to start any more projects. Because you know you have to
survive. If you fail some of it you will get down. So, in order to survive, after that we
settle the loan, OK we can go for, we can do the upper line for another project. We
have to come step by step because of the funds. If we have funds no problem.
Because we can study and we can have papers like you and your colleges, we can
have technology, we can have labor agreement and we can do. I mean the thing is
funds. [Exporter #3]

All participants shared some degree of a lack of awareness relating to the state of MOA
in the United States, expressing surprise and/or disbelief upon being informed of new MOS
which are increasingly reaching commercial markets e.g. Zebrasoma flavescens, Z. xanthurum,
Ecsenius bicolor, and species from the family Chaetodontidae, some of these representing
species which are commonly supplied by Sri Lankan stakeholders. One participant anticipates
the momentum of MOARAD will continue, resulting in significant changes to the MOST. This
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participant likened these changes to the advancement of automotive technologies which have led
to increases in the supply of electric cars.

You cannot stop this [advancement of technology]. After a few years, maybe 5060% of species in the US can be aquacultured. So, we have to recognize this and
maybe we have to change. We will also do aquaculture. But the thing is expenses
and the overhead costs. The cost of production. [Exporter #3]

This participant added that it will likely remain cheaper to import product from Sri Lanka
relative to producing aquacultured products for the time being, adding

They [aquaculturists] will definitely implement [commercial scaling of MOA]
with success because we are not going to stop this [MOARAD]. We are going to
keep trying. So, we have to look at this and discuss the future maybe 10-15 years
on. [Exporter #3]

Product margins were described as being limited by regional competitors such as
suppliers in the Philippines, Vietnam, and Mali. Marine ornamental exports from Sri Lanka often
cost more than competitors. Participants attribute this to superior product quality resulting from
care taken during the collection and quarantine stages of production. Noting that the Asian
ornamental market is growing, one participant described Singapore as holding 30% of the
regional market prior to Sri Lanka recently claiming 3% of that. Existing regulatory dynamics in
Singapore’s market discourage the expansion of ornamental production due to a lack of available
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space, however rather than developing land-based farms, operations have continued to expand in
multi-story developments where adaptive technology has helped overcome spatial limitations.
Accounting associations between flow dependent relationships in Sri Lanka reveals
numerous barriers to MOA production in the country. Barring significant system disruptions and
production regulations, the pace of MOARAD in the United States is primed to accelerate as the
number of educated and highly specialized professionals trained in MOARAD enter the
workforce. These professionals, in addition to members of the hobbyist community who may be
untrained in aquaculture associated fields are more likely to have access to the tools and
information necessary to begin aquaculture production than stakeholders and aspiring
aquaculturist in Sri Lanka. In this way, access to specialized academic programs offered by
numerous institutions which enroll new aspiring aquaculturists annually is a key factor in the
disproportionate access to MOA among telecoupled systems.

2.3.11. Conferences and Tradeshows
MAT associated organizations such as the Marine Breeding Initiative (MBI), the Marine
Aquarium Societies of North America (MASNA), along with local marine aquarium clubs play
important roles in spreading awareness and disseminating information related to MOA.
The MBI manages an online database which provides users access to a current 1,464
members. Records are entered by users and archive information including the volume of the
aquarium used to house a given pair of broodstock, water quality parameters such as
temperature, pH, and specific gravity, broodstock dietary details, spawning observations, embryo
hatch details, larval rearing system details, larval dietary details, and observations on larval
metamorphosis and settlement. Contributing members include home-breeders, large-scale
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commercial aquaculturists, and LFS owners. Membership data shared by an MBI administrator
(M. Pedersen, personal communication, March 22, 2020) described level of member engagement
and their efforts at aquaculture production. Of 1,464 members, only 554 have contributed record
content to the organization’s database. Two hundred fifty-one members had contributed 10 posts
or more to the database, while 161 had contributed 25 or more, and 108 members had
contributed 50 or more posts. Sustainable Aquatics, one of the largest producers of MOS in the
United States and a member of MBI had contributed 22 posts to the database. The number of
posts per member was found to be an unreliable means of understanding aquaculture effort
among members as more posts was not correlated to greater volumes of produced aquacultured
species.
MASNA organizes and hosts an annual industry tradeshow and lecture symposium, the
Marine Aquarium Conference of North America (MACNA). In 2019, the event attracted 4,540
attendees in Orlando, FL. Attendance in 2019 was disrupted by Hurricane Dorian. By
comparison, MACNA 2018 was held in Las Vegas, NV, and drew 6,277. MACNA’s location is
determined by bids made by its regional member societies.
The mobility of the event affords the organization and the MAT greater exposure. While
regular attendees may not be deterred by the conference being held at a distant location,
prospective attendees, industry vendors, and professionals may be more inclined to attend should
it be hosted nearer to their native location. In this way, exposure opportunities to aquacultured
products and MOA themed lectures and marketing are diverse and far reaching. The 2019
MACNA theme, “Celebrating Aquaculture” was used to share and discuss historic and modern
advances MOA. The organizations website (www.macnaconference.org) advertised the
following promotional mission statement.
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Promoting the ethical growth of the marine aquarium hobby, supporting captive
breeding / propagation efforts, and ensuring a sustainable future for the marine
environment are at the core of MASNA®’s goals, and we intend to elevate our
efforts in educational outreach, scholarship, and the healthy, sustainable
promotion of the marine ornamental hobby with a closer focus on its practices.

MACNA 2019 speakers discussed diverse applications of MOA and included important
industry leaders. While not all attendees will attend conference lectures, each has an equal
opportunity to do so. Ten of the twenty conference lectures addressed MOA in some context
(Table 2.6).
Table 2.6 MACNA 2019 aquaculture themed lectures

Lecture title

Speaker

Don’t try this at home: Taking marine ornamental aquaculture from
scientific discovery to commercial feasibility

Dr. Catham Callan

A Scientific Session for the Home-Breeder

Tamara Marshall

How’s the Rising Tide? Marine Ornamental Aquaculture Research and
how you can get involved

Dr. Judy St. Leger

Challenges in keeping and aquaculturing seahorses

Alyssa Gabriel

The next step: Meeting aquaculture needs of your local fish store

Matt Pedersen

The Mother of Invention: How necessity-driven innovation and
partnerships are making history in aquaculture

Dr. Todd Gardner

Coral spawning in aquaria: Where we are and what you can do

Richard Ross

Rock Flower Anemones and How to Aquaculture them at Home

Colin Foord

The Coral Reef Aquarium Fisheries Campaign

Dr. Paul Anderson

Raising Marine Ornamental Fish as a Hobbyist: Ideas and Tips from a
Frugal Midwestern Fish Breeder

Kathy Leahy
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Industry conferences may be used to assess the state of current and important events and
developments within the MOST. They indicate where industry attention is aimed and forecast the
types of developments stakeholders are likely to invest in in the future. Importantly, conferences
are used as networking opportunities by stakeholders. They provide unique opportunities for
interested parties to form relationships each of which has the potential to transform
telecouplings.

2.3.12. Receiving system challenges
Receiving system interview participants unanimously described elusive suppliers as
being damaging to their market. This is a reoccurring theme similarly mentioned by Sri Lankan
exporters in reference to mushroom exporters. Importers in the United States described “pseudoimporters” as those without infrastructure for commercial operations. Pseudo-importers are often
selling product online as e-tailers and will contact wholesalers to buy product direct. They may
order directly from exporters who are willing to sell to them in spite of their lack of
infrastructure. According to participants, because regulations do not mandate suppliers have
infrastructure in place in order to purchase product, smaller shipments are often overlooked by
inspectors.
According to interview participants, untraceable product has damaged the reputation of
the MOST for decades. The lack of transparency and data relating to trade volumes benefits
some stakeholders who gain an advantage by slipping under the radar of inspections while larger,
more visible businesses draw most of the enforcement efforts.

They [USFW] try to go to the big importers, they see 100 boxes coming for me,
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100 for the guy down the street, they see 75 for the other guy, and they go and
check those. But then you have a bunch of boxes for the little guy, they have one
box, two box, five boxes, and they don't check those. They're not going to check
two boxes. There are 100 boxes here, I'm going to try to get the big guy. There’re
so many import licenses, even from people’s houses. The reef clubs, someone will
get an import license and they'll do group buys. How are you going to police a
group buy? [Importer #3]

Cutting off one country is not going to shut us down, but one of our biggest fears
is the domino-effect. It's a monkey-see-monkey-do scenario. Well, they shut
down Fiji; we'll I'm going to do the same thing. It just snowballs into out of
control, so when something like this happens, it's, you know, showing and letting
them know what you're doing is the right thing and doing it correctly is one of the
most important things. It shows people that, hey look, you don't want to show
people off that they don't know, but that they're just misinformed. [Importer #3]

Lacking product traceability and shared best-practice standards in the MOST should be
critiqued as a point of vulnerability in the industry. In this case, flows of material products
(MOS) are not consistently accompanied with corresponding flows of information (species trade
data). Should regulatory agencies seek to review industry practices in an effort to conserve reef
habitats in an era of climate change and uncertainty, a lack of trade data may leave marine
ornamental fisheries vulnerable to closure. As a result, production may be further delegated to
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the aquaculture sector.

2.3.13. Aquaculture spillover potential
Receiving system interview participants (n=5) demonstrated a greater awareness of MOA
related developments within the trade and often cited conservation narratives as positive
motivations for supporting increases in aquacultured products. Importers noted their ability to
source products from other exporting countries should disruptions inhibit their supply.
Alternatively, turning towards aquacultured products to meet demand was mentioned as a viable
option even if the importer had to pay a premium for the product. Two participants expressed
concern for aquaculture’s potential to disrupt the livelihoods of those they cared about.
Participants mentioned the access to information and technology facilitating the creation
of new actors in the system, specifically home-breeders and aspiring small-scale business
startups.

It’s becoming a lot easier, even breeding beyond clownfish. I met someone the
other day that’s doing flame angels. You know, that’s higher level, higher level.
And they’re starting to get into tangs and angelfish and stuff like that. And it’s not
a big company you know. The biggest problem I think, holding that technology
back, is funds. There are just no grants that I know of, you know. I’m not in that
sector [aquaculture production], but if there were some more research funds for it
I think we’d see a big epiphany on that side. Freshwater was able to do it in the
70’s. They kind of found the money to do it and stuff like that and that’s why such
a huge percentage of the freshwater industry is farmed. The saltwater side is much

74

more difficult, and it takes a lot of money to research that. And so, someone like
me who wants to experiment with something has to decide how much money I am
willing to put into that. It’s all private money. I think if there was some real
money out there, there’s some really smart people that just need those funds and
they can get it done. I think we’re really close. We’re right on the cusp of busting
it [MOA] wide open which would be amazing. [Importer #2]

One importer shared the opinion that the solution to fishery closures, referencing
Hawaii’s collection gear moratorium, is to mass produce yellow tangs by means of aquaculture.
The participant noted the possibility that this would collapse the fishery.

Aquaculturists will produce so many yellow tangs that the fishery collapses, but
yellow tangs pay the bills. It’s the same thing with, we worried about long ago, in
Sri Lanka. What happens if they ban cleaner shrimp or fire shrimp? They ban
those two and the whole fishery falls apart. And there had been talk of doing so
back in 1990. [Importer #1]

These scenarios indicate an awareness shared by importer participants of MOA’s
potential risk to sending system sustainability, particularly livelihood concerns. These dynamics
may be left undiscussed and unquestioned by some stakeholder groups in the United States
receiving system. Revisiting the accepted aquaculture conservation narrative in the MAT and
prioritizing the inclusion of underrepresented stakeholder groups may facilitate the generation of
stronger industry partnerships and equalize flows of information and essential tools needed by
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aspiring aquaculturists in sending systems.
Designer anemonefish, anemonefish which have been selectively bred to produce unique
and irregular color variations deviating from the appearance of wild caught conspecifics (Figure
2.12), now comprise an
integral part of many
commercial MOA business
models in the United States.
These products predominantly
represent the species
Amphiprion ocellaris and A.
percula. Participants described
the transition in supply of

Figure 2.12 Juvenile designer clownfish congregate in an aquarium at a
marine ornamental commercial aquaculture facility.

aquacultured anemonefish in recent years.
Aquaculturists described how they understand consumer behavior and actively rethink
their aquaculture methods, investing in research to reduce production costs. The Banggai
cardinalfish, Pterapogon kauderni serves as an iconic example of market dynamics whereby the
cost of a once prohibitively expensive species can be reduced, thereby increasing the consumers
ability to purchase the product.
Aquaculturists approached at industry conferences along with receiving system interview
participants commented on the importance of access to wild livestock, describing access as
essential to diversify gene pools among broodstock. In this way, the termination of access to wild
caught marine ornamentals would hinder aquaculture’s advancement, signifying changes in
telecouplings which may lead to increased vulnerability in the greater MAT.
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2.3.13.1. Aquaculture spillover potential: Production displacement
MOA production in the United States is primed to alter flow dynamics throughout
the MOST. Through telecouplings, the potential for spillover system generation may be
catalyzed by the displacement of demand for a given resource. Aquaculture’s displacement
potential was analyzed by coding for themes indicative of displacement and by accounting
possible motivations to engage in aquaculture production.
Using data collected from participant interviews and field notes taken during industry
events and aquaculture production center visits, aquaculturists shared their motivations for
undertaking aquaculture projects (Table 2.7). While the following list may not be
comprehensive, multiple factors were often cited as motivations investing in MOA.
Table 2.7 List of aquaculture investment motivations expressed by participants

Stakeholder motivations for investing in marine ornamental aquaculture
1
2
3
4
5
6
7
8
9
10

Being the first individual in recorded history to complete the life cycle of a given
species and/or the aquaculturist is motivated by the prestige afforded to “species first”
production.
The aquaculturist takes personal satisfaction in observing the early life stage
development of select MOS and/or enjoys exploring the biological and physiological
elements of MOA.
The aquaculturist believes MOA will meet ecologic conservation needs such as
reducing collection pressure on wild populations.
The aquaculturist aims to earn revenue from production to sustain some business
model or personal livelihood.
The aquaculturist is engaged in some educational or research related task necessitating
production.
Production is used as supply for institutional purposes such as restocking exhibits at a
public aquarium.
Aquaculturists are incentivized to produce species through breeder programs which
award them accolades for their achievements.
Species are produced for reintroduction to natural habitats for stocking or
conservation purposes.
The aquaculturist is striving to earn consumer attention in a rapidly changing and
competitive market and/or is attempting to meet consumer demand.
The stakeholder sees aquaculture as an important alternate means of production
should access to wild collection be impaired.
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Motivations are likely to consist of one or a combination of those listed. Categorizing
motivations is an important step in analyzing stakeholder decision making strategies as well as
identifying adaptation limitations. For example, while all but one exporter in Sri Lanka
expressed desires to engage in MOA, motivations were limited to #4 and #9. While variable by
participant, cited motivations by aquaculturists in the United States represented each of those
accounted in this list (1-10).
Importers unanimously indicated that they were in better positions than exporters when it
came to losing access to a fishery or specific marine ornamental species. Codes indicate a
disparity in the degree to which a given stakeholder may adapt to supply chain disruptions.
Importer comments are similar in implication to those of exporters, suggesting that vulnerability
to supply termination is not always experienced equally throughout the MOST (Table 2.8).
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Table 2.8 Aquaculture production displacement potential

Spillover by displacement
Spillover cause
Displacement

Explanation
An increase in
the demand or
supply of a
given
resource in
location X
results in a
decrease of
the same in
location Y
(Meyfroidt
et al. 2010).

Code
Being located here in the States, I could source product
from another source. Sri Lanka is the best source, but if it
dried up, even if somebody wasn’t producing red [fire]
shrimp at a reasonable price through aquaculture or
something, I could always go to Indonesia and source
them, or the Philippines and source them. Price would go
up and they’d have less available, but they’d still be
available and it wouldn’t hurt me much because I’d still
have them coming from these other places and I’d be
charging more. If someone in the United States or Britain
starts raising fire shrimps and floods the market, it’s going
to kill the livelihoods of all those people I know and love.
And not only that, it’ll collapse all the fisheries. Without
the money from the fire shrimp, the whole fishery
collapses. The guys in Sri Lanka could, would move on to
some other type of fishery because they’ve got to support
their families. They would come out okay. They would
think they’re kind of devastated at first because they had to
start looking for other jobs, but they would find the jobs.
But I don’t like to look at that [possibility] being in the
aquarium trade. I like to look at it and say you know; we
have a responsibility to keep these guys employed.
[Importer #1]
I’d say 90% of all the clownfish we sell are captive bred.
We hardly import any wild clownfish. We only import
ones that we cannot get or need in a certain size. We still
bring in some large clownfish, but I was looking at our list
today for purchasing that had wild clownfish and I just skip
right over those. Still, it’s ultimately market demand not
even driven by us in the end. It’s ultimately driven by the
hobbyist and those who are willing to pay the extra money
for captive bred fish. If they’re willing to pay, I’ll sell them
all day long. But if I buy 400 captive bred flame angelfish
and I have to sell them for $100 verses $20 for the wild
caught one, I’m only going to sell so many of those captive
bred ones until we can get that price to a level like what
happened with the Banggai cardinals. It happens with
everything.
[Importer #2]
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2.3.13.2. Aquaculture spillover potential: Social media data
During this study, no known commercial production of fire shrimp had been established,
however efforts to aquaculture the species at various scales where observed. Social media
scrapes of the American based social media platform Facebook provided evidence of fire shrimp
aquaculture taking place outside of Sri Lanka (Figure 2.13).

Figure 2.13 Aquaculturists share their efforts and experiences in fire shrimp aquaculture through group pages
organized on Facebook. The left and center posts represent efforts by separate, independent home-breeders
while the rightmost post shares the aquaculture success at a zoological park in Spain.

The advent of social media platforms now commonly used by marine ornamental
aquaculturists for networking and information sharing serves as evidence of telecoupled
processes in action. Online community dynamics have afforded distant individuals and
institutions access to information sharing resulting in information exposure opportunities similar
to such opportunities encountered at industry conferences and tradeshows.
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2.3.14. Aquaculture production
A number of commercial marine ornamental aquaculturists have diversified their
business models to bring in alternative sources of revenue as interviews revealed MOA as a high
cost, low profit venture. Examples of secondary sources of income among aquaculturists
included real-estate ventures, production of cannabis derivative products, and environmental
consulting. Several commercial MOA suppliers have developed remote production facilities in
countries like Palau and Fiji.
Conversely, the potential for exporters to source aquacultured MOS from domestic
suppliers as is commonly done for freshwater species may prove a viable alternative to
independent production. The discussed development of a MOA facility by NAQDA has the
potential to supply aquacultured products to exporters, however, there was a shared lack of
clarity expressed by participants as to what role the development intended to play in the industry.

National Aquaculture Development Authority, they started to build facilities. I
also heard. I don't know much more about this because it's still in processing. Still
we're building the facility. [Exporter #4]

Access to wild collection to diversify broodstock gene pools was noted as essential to
prevent excessive inbreeding and immunocompromised offspring (Kincaid 1983). The need for
diversifying gene pools among broodstock is well understood among commercial aquaculturists
in the marine ornamental sector and was described by participants in this study. Should marine
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ornamental aquaculturists loose access to wild-caught MOS, their abilities to expand and
reinforce the longevity of the industry’s aquaculture sector would be impaired (M. Pedersen,
personal communication, June 6, 2020).
Conservation narratives used in marketing of aquacultured marine ornamentals suggest
the purchase of aquacultured species will reduce fishing pressure on wild-caught counterparts.
Evidence supporting such claims is exemplified by the historic overharvest of the Banggai
cardinalfish, Pterapogon kauderni. Endemic to the Banggai archipelago in Sulawesi, Indonesia,
population numbers of P. kauderni reached critically low levels as a result of overharvest for the
MAT (Talbot et al. 2013).
One importer commented on the sterility of commercial aquaculture facilities and
challenges faced by his business when acclimating incoming organisms to less sterile
environments, stating:

I have some great suppliers of captive bred fish. And I can't keep the fish. Cuz
this is a petri dish out here, you know? This is the petri dish of the world’s oceans.
And you know, some of these fish are so sterile, and exposed to nothing. When
they come here, they just struggle. Even in some of our smaller systems that we
only keep like shrimp and captive bred fish. They just struggle in those systems.
The cross contamination, even airborne stuff um, it's just tough. [Importer #2]

Biosecurity risks in aquaculture settings demand aquaculturists implement vigilant
protocols to ensure cultures of ornamental larvae and live feeds are not contaminated
(Calado et al. 2017). Stakeholders practicing aquaculture in warmer climates and without a
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means of climate control within a facility are likely to face greater challenges in managing risks
associated with bacterial contaminants (Kaktcham et al. 2017).
Given the greater size of the global freshwater ornamental market and the presence of
domestic demand in Sri Lanka, those business which exclusively supply MOS may seek to
transition into the freshwater market. The fluid dynamics of markets and accounting for whether
or not the freshwater ornamental market was saturated at the time would likely influence the
probability of accommodating marine specialist businesses looking to transition. These data
describe growing interests and increasing investments in freshwater ornamental aquaculture in
Sri Lanka such that the existing infrastructure of marine specialists along with that of already
diversified businesses may find transitioning between markets advantageous.

2.3.15. Tourism and the MOST
Spillover processes generated by the tourism sector represent several spillover concepts
including displacement and spatial externalities. Tourism’s impact on reef habitats utilized by the
MOST increases stakeholder vulnerability. Exporters noted the use of glass bottom boats
chartered by tourists for sight-seeing purposes on coral reefs as being especially harmful to
ornamental collection sites. Boat operators may run their vessels onto reef structures, damaging
coral structures and altering reef habitat (Long et al. 2011, Rajasuriya et al. 1995). Importers also
acknowledged negative impacts on the trade resulting from tourism practices.

You know tourism charters, you know they go into these islands, they drop the
anchor five, six, eight, ten times before they grab onto solid rock and in the
meantime, they're just plowing the reef. [Importer #3]
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It is unclear what tourism’s impact on coral reef habitats may have on collection volumes
of MOS. MOST stakeholders described their observations of the industry and recognize the need
for a healthy tourism market. In addressing tourism’s negative impacts on their fisheries,
suppliers expressed a need for increased regulations of tourism businesses and developments.
The need to attract tourists to increasingly popular coastal destinations has spurred rapid
and poorly managed development of restaurants and hotels. The addition of such infrastructure
has resulted in the erosion of beach fronts, whereby displaced terrain settles on adjacent reefs
resulting in siltation of coral. While permits are required for the development of sea-side
infrastructure, the Ceylon Tourist Board reports as much as 90% of establishments are not
approved for development (Rajasuriya et al. 1995).
Historically important collection locations off the coast of Dehiwala-Mount Lavania
located 10 km from Colombo have been continually degraded by coastal erosion and pollution
entering the sea through unkept freshwater canals. In May 2020, a three phase Kalutara North
Calido Beach Development Project commissioned by the Coast Conservation Department (CCD)
began development. A 2 km long and 25 m wide tract of beach which hosted several marine
ornamental export businesses has been converted to an artificial beach. MOST stakeholders
along the affected length of coastline were displaced with some compensation offered by the
CCD. This case illustrates a negative feedback loop where tourism, an essential telecoupled
system which facilitates access to flights necessary for shipping marine ornamentals has
displaced stakeholders and altered a collection site utilized by divers. Exporters in the southern
and mid-western regions described collection sites adjacent to Colombo as being less important
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to the present market than they were historically. A single participant whose business was
located on the impacted coastline expressed great concern about the Kalutara North Calido
Beach Development Project, indicating uncertainty and distress over the future of his business.

I don't know what is going to happen to this industry in the future because now
from here nobody will be able to dive this area. So, from where are we going to
get the fish [Dehiwala]? [Exporter #1]

Three participants shared a lack of concern over the potential loss of access to DehiwalaMount Lavinia collection sites which they were not reliant upon for collection, indicating
geographically dependent relationships to resources vary among participants.

Dehiwala, the Colombo area has not been a major supplier of ornamental fish.
Cuz from a long time back there were a lot of restrictions because of the port,
Colombo and everything. Because of the problems with the terrorists and things
like that. So, there is less importance I would say from exporter this area. Of
course, we lose some fish, but we could survive without that. [Exporter #3]

It remains unclear how increases in tourism volume may negatively impact MOST
stakeholders in Sri Lanka. Datasets used in this study indicate an important relationship between
the tourism sector and the MOST. At the same time, unique events such as terrorism and the
outbreak of COVID-19 have continued to disrupt the tourism market, at times hindering and
rewiring established flow networks.
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2.3.16. Belt and Road Initiative
In September of 2014, development of the Port City Colombo (PCC) began, signaling the
beginning of a US$15 billion global infrastructure development project. PCC is intended to add
269 ha of land to the country, some of which will add real state to Colombo’s central business
district (Figure 2.14). The project serves a foreign policy initiative laid out by the Chinese
government as a part of the Belt and Road Initiative (BRI). As a result, increased connectivity
between China and Sri Lanka has facilitated new telecouplings as flows of capital, material
resources, and people are imported and exported to aid in the construction of PCC.
PCC will serve as a hub for tourism by appealing to underdeveloped markets by
introducing high end shopping districts and entertainment centers along with high quality
residential facilities and associated amenities. Developments will also include parks, educational,
and medical facilities which will serve incoming residents and members of surrounding
communities. These developments carry the potential to increase trade flows to and from Sri
Lanka, thereby facilitating changes to the MOST which is highly dependent of tourism for trade.
The nearest fishing communities which include MOST stakeholders were located sixteen
kilometers south from PCC where additional development was occurring.
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Figure 2.14 The development of Port City Colombo is a part of China’s Belt and Road Initiative which aims to advance regional connectivity through investment
in global infrastructure by the Chinese government. Port City Colombo is intended to serve as an extension of Colombo’s Central Business District. Phase one
construction began in 20 and has included the development of an artificial landmass by means of land reclamation postceded by ground improvements and the
construction of a breakwater to be completed by May 2020.

6
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Participants shared a recognition of large-scale changes occurring throughout the country
as a result of developing international relationships, often by means of investment, with countries
such as China and the UAE.

Sri Lanka is trying to change the political situation in Sri Lanka, the new
parliaments are trying to be more liberal in their providing business opportunities
to outsiders. So there have been situations where the people in other countries like
people from China, like people from Middle East countries have come and tried to
use their money to exploit this industry. So that is something which is new
phenomenon. [Exporter #2]

The BRI represents an expansive and complex network of telecouplings generated
through Chinese foreign policy which aims to connect as many as 70 countries encapsulating all
global regions through investment in infrastructure development and trade. Participants
anticipate changes to the country’s marine ornamental market resulting from economic and trade
advancements projected to result from the addition of PCC.

2.4.2.3. Telecoupling and COVID-19
Similar to the spreading of invasive species, viral disease outbreaks behave as generators
of telecouplings (Liu et al. 2013). Following the outbreak of SARS-CoV-2 (COVID-19) in early
2020, incoming and outgoing flights to Sri Lanka were grounded. Marine ornamental exporters
have since struggled to secure flights for shipment of their products.
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The main problem is finding a flight. It is very difficult. I want to get the flight
space for my shipments, but I’ve been waiting for a long time now. Because of
this pandemic, we have faced big trouble with airlines. Every flight is canceled or
postponed day by day. It is very difficult to get the flight space. We are very
confused. [Exporter #6]

In cases where airline cargo space access been reduced due to grounded flights, flows of
materials including MOS and capital. Because products in the MOST consist of live organisms
predominantly transported in plastic bags containing limited amounts of oxygen, stakeholders
may have no alternative options to move shipments fast enough to prevent product mortality.
The resulting loss of revenue from an inability to efficiently deliver product has led some
exporters to seek out new markets for their products or otherwise produce products which do not
require expedited shipping. One sending system participant described being busy with work
again upon changing his marketed products from MOS to medication believed to treat symptoms
caused by COVID-19.

I am okay and busy now. These days I am making medicine to protect from
COVID-19. It is 100% successful. And now I am making a medicine for COVID19 patients, but I can only produce a small quantity each month. [Exporter #5]

Three participants commented that their ability to supply freshwater ornamental products
to their domestic market was helping support their business during the pandemic, suggesting the
export dependent marine ornamental market was more vulnerable to flow disruptions than the
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freshwater market. Sri Lankan suppliers’ ability to rely on aquacultured freshwater products
suggests a similar benefit may be experienced by marine ornamental aquaculturists in the United
States should import volumes suddenly decline.
Within the receiving system, participants faced challenges resulting from a lack of import
opportunities, experiencing the effect of decreased exports described by exporters while
suggesting the market was already adapting to the pandemic’s effects.

The reduction of flights both Domestically and Internationally has caused a bit of
a bottleneck on supply. Reduction of flights also has caused freight increases,
which in turn means increased prices. In April when this was all new, it was a
shock to many seeing such dramatically increased prices. It is the normal now and
everyone has adjusted to it. [Importer #2]

In addition to a reduction in average trade volume, government and industry efforts to
reduce and manage the spread of COVID-19 resulted in the cancelation and postponement of
numerous industry tradeshows and symposiums (Figure 2.17).

Figure 2.14 Government mandates and risk management efforts lead to the cancelation of important
industry events were consumers and stakeholders would otherwise have the opportunity to meet and share
goods and information.
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Interview participants in both systems expressed the importance of industry tradeshow
events as opportunities to network, receive updates on important industry matters, and market
their businesses and associated products. The cancelation of these events in 2020 signifies the
consequences of spillovers generated through distant telecouplings. Cause and effect
relationships associated with telecoupled systems are evident in by the impacts experienced
within geographically distant systems from where the pandemic is supposed to have originated.
As a result, stakeholders interested in aquaculture production no longer have important in-person
opportunities to interact and exploit flows of information, social capital, and material goods.

2.4. Conclusions and discussion
This analytical critique of aquaculture development in the MOST describes a highly
complex and rapidly changing sector of trade with the potential to force operational levels in the
supply chain into obsolescence. By analyzing stakeholder experiences and sentiments on
aquaculture between the supplying nation of Sri Lanka and the consuming nation of the United
States, a broader picture of aquaculture’s transformative potential in the MAT has emerged.
Using telecoupling theory to analyze codependent systems to reveal connectivity between the
MOST and independent industries i.e. tourism, reveals feedback loops which fuel the need for
aquacultured products. In this manner, systems outside of the MAT may inadvertently enforce
the need for MOA.
Understanding the potential consequences of aquaculture development is a more complex
task than referring to market trends and numbers alone. Past studies have referenced and sought
to address the data deficient status of the MOST (Rhyne et al. 2012). It remains to be seen
whether or not industry and government can resolve ongoing deficiencies in supply chain
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management and improve trade transparency and data collection practices. Even if abundant data
were available, they would likely not be enough to predict all possible consequences associated
with high volume increases in MOA.
It is important to emphasize that not all approaches to MOA are problematic and should
be avoided. Rather, affording stakeholders in sending systems an opportunity to further develop
their businesses with the addition or expansion of aquaculture technology may be a more
equitable approach to consider when addressing MOST vulnerability. An industry assessment of
all parties interested in incorporating aquaculture into their business models may be necessary to
understand the needs and capabilities of those who would be impacted in some manner by
implementing this model. In some cases, as MOA becomes more prevalent in the trade, demand
for wild collection of certain species may lessen. Aquaculturists understand that access to wild
caught MOS are essential to avoid detrimental inbreeding and declining fecundity in broodstock
(Calado et al. 2017), therefore it is necessary that they ensure the livelihoods of suppliers in
exporting nations are not imperiled as a result of their production.

2.4.1. Partnerships and telecoupled advantages
During the course of this research, multiple opportunities to assist exporters with
aquaculture development presented themselves, with one exporter particularly interested in large
scale aquaculture production. This exporter presented a job opportunity but expressed the
importance of labor exclusivity and maintaining a proprietary advantage for the business. The
exporter already benefited from available infrastructure for aquaculture use, and decades of
experience in the MOST. Partnering exclusively with a given business to develop and commence
aquaculture production would afford the producer a greater advantage over others in Sri Lanka.
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It could be argued that this stakeholder is less vulnerable than others who might experience
greater benefits to their livelihoods and businesses by having such an opportunity. This scenario
demonstrates the complex issues of where intervention can set the stage for winners and losers in
a developing market where some actors are disproportionately vulnerable. Affording a
stakeholder who is already positioned as a winner in the local market an opportunity to
strengthen that advantage does not help those who experience greater need to keep up with
market transformations. This course of action may further divide the winners from the losers if
the winner is able to steer profits away from losers. This scenario exemplifies telecoupling
potential through the establishment of flows of information in the form of expertise sourced from
a distant system. This also demonstrates how outsiders/colonists are positioned to change an
international market with minimal effort either intentionally or unintentionally.
Colonists as agents can serve a variety of roles including research institutions, business
owners, non-profit organizations, and non-government organizations. Any agent positioned to
assist in investing in the development of a market, either domestic or international is poised to
determine who in the market will win or lose. By identifying and partnering with one stakeholder
and not another, and if not deliberately identifying and partnering with all eligible stakeholders,
vulnerable markets such as the MOST in Sri Lanka may be manipulated by foreign colonists
who are unlikely to experience consequences faced by losers within the system. While actors
participating in partnerships may view their ventures as win-win collaborations, a more honest
view of such endeavors should acknowledge the venture itself is liable to cause damage to nonparticipants. Should such partnerships be motivated predominantly by financial earnings, it is
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likely in the best interest of a supplier with access to aquaculture production to see competitors
loose. In this way, equitable and sustainable approaches to aquaculture development and
production are inherently at odds with profit driven business practices.

2.4.2. Telecoupled feedback loops
Telecoupling is useful for the identification of feedback loop generation within and
between systems. The input-output and cause and effect nature of feedback generation are key
components of the telecoupling framework. A feedback loop is generated when the output of a
given system amplifies or inhibits the functionality of another. A classic example of feedback in
a biological system is observed in predator prey population dynamics whereby a decrease in prey
density in a given year can result in a decline in predator populations the following year.
Conversely, in the case of prey abundance, predator populations may increase during the
subsequent season as surplus energy may be stored for reproduction (Berryman 1989).

2.4.2.1. Production generated feedback
Feedback is observed in the MOST where external system forces such as climate change,
changes in international policy, increase the perceived value of MOA as a conservation solution
for the MAT. At the same time, industry’s hyper focus on MOA may generate risk for suppliers
who are not in positions to participate in aquaculture production. In this way a feedback loop is
generated where MOA is both a safeguard and a risk to the future of stakeholder livelihoods in
the MAT. To ensure the longevity of the MAT and to serve industry interests, stakeholders must
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find solutions to secure continued access to MOS. However, if MOA is treated as the go-to
solution to address production access loss, the MOST will likely see significant transformations
caused by spillover displacement at expense of many historic suppliers in years to come.
Because the MOST and the greater MAT are dependent upon the infrastructure and
resources of numerous industries, such as packing material manufactures and the airline industry,
these sectors may be viewed as spillover systems. Institutional and regulatory changes to these
spillover systems may be treated as possible points of vulnerability that may cause disruptions of
flows within the MOST and the greater MAT. Government agencies and local communities in
the United States have sought to regulate and transform waste processing industries and plastic
manufacturing in response to the global plastic pollution crisis (Xanthos and Walker 2017). If
manufactures are regulated into producing alternative materials for distribution, these materials
may fail to meet the needs of the MOST and therefore alternative means of trade may need to be
explored. Alternatively, if governments seek to tax the production of plastic products, the costs
of these materials may increase and be transferred to MAT stakeholders and consumers. These
dynamics typify spillover systems, which may carry unforeseen risk to the aquatics industry at
large.

2.4.2.2. Tourism is a double-edged sword
Tourism serves as an essential source of income for coastal communities around the word
(Spalding et al. 2017). This is especially the case in tropical locations where scenic beaches and
coral reefs appeal to the relaxation lifestyle often sought by tourists. Data collected for this
research indicate a strong relationship between the tourism sector and the marine ornamental
sector in Sri Lanka.
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Tourism in Sri Lanka has increased over the past decade (Fernando 2017). The Lonely
Planet, a world-renowned travel magazine, listed Sri Lanka as its number one travel destination
in 2019 (Guruge 2019). Tourism’s impact on coastal development and contribution to carbon
emissions which exacerbate climate change have been brought into focus in recent years
(Gossling et al. 2005). The ongoing degradation of coastal zones and coral reef habitats resulting
from climate change (Dubinsky and Stambler 2010) constitutes a negative feedback loop which
threatens the adaptive capacity of sending system stakeholders in the MOST.
While tourism’s contribution to climate change is estimated as less than other inputs such
as economic growth, researchers predict tourist’s travel preferences may change over the coming
decades as a result of unfavorable warming in destinations with tropical climates (Hamilton et al.
2004). Other anticipated changes in tourism markets include increased competitiveness among
destinations and shifts in tourism demand as new markets emerge while others diminish (Scott et
al. 2012). The ongoing degradation of coastal zones and coral reef habitats resulting from
climate change (Dubinsky and Stambler 2010) constitutes a negative feedback loop which
threatens the adaptive capacity of sending system stakeholders in the MOST.
Predicted trends in the global tourism market should raise concern among stakeholder
groups in the MAT. This research clearly illustrates the critical relationships between the Sri
Lankan marine ornamental market and its reliance on a stable tourism market. At the same time
tourism has resulted in the degradation of key fishing areas in Sri Lanka. Hotels, restaurants, and
souvenir boutiques are commonly constructed without permits, violating regulations and
resulting in coastal pollution and erosion (Long et al. 2011). Sri Lanka’s tourism sector
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represents a significant telecoupling to the country’s marine ornamental market. Flows of capital,
material goods, and people generate both positive and negative outputs, indicating that the
MOST is vulnerable to both the absence and presence of tourism among systems.
Without access to routine airline services, marine ornamental exporters are unable to
move their product. This has caused concerns among freshwater ornamental aquaculturists in Sri
Lanka who grow products to a desirable market size. Without airline services, aquaculturists are
holding onto their product for a longer than usual amount of time. By doing so, fish are growing
beyond the desired market size, and farmers are being forced to expend greater volumes of feed
and other resources to maintain their stocks until such a time that they can be sold. In some
cases, it may be preferable to cull stocks of fish which may no longer be marketable. During
such system disturbances, producers may work to explore new or underutilized domestic markets
which are less reliant on impaired relationships within the existing market.

2.4.5. Opportunities for industry interactions
International and domestic tradeshows offer stakeholders opportunities to engage with
industry and grow their supply chain relationships. These venues bring otherwise distant actors
together where they can develop networks and share information of industry observations and
dynamics. One exporter stated that upon attending an international trade show and speaking to
attending stakeholders about his business, they had not realized that Sri Lanka had been a market
participant. This participant emphasized that the individual making this comment had been in the
industry for 40 years, indicating a lack of supply chain awareness by experienced stakeholders
and the importance of tradeshows in developing market relationships. These comments
seemingly indicate that although many stakeholder groups have the ability to explore new
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markets using online resources and export and trade development agencies, there are still
exceptions where access to needed information to establish supply routes is limited. In such
cases, it appears especially important for stakeholders to have the means to travel and attend
tradeshows where they can establish business relationships within new and existing markets.
Public aquariums are often cited as crucial tools in reaching audiences to inspire
conservation ethics and a love of nature (Fraser and Sickler 2009). There are more than 200
public aquariums worldwide. Fifty-six are presently accredited by the Association of Zoos and
Aquariums (AZA 07/2019). Other zoological accreditation schemes exist, such as the Zoological
Association of America (ZAA), and the Global Federation of Animal Sanctuaries (GFAS), these
being the predominant accreditation organizations in the United States, with other organizations
serving comparable purposes internationally. While accrediting organizations often promote
sustainability initiatives and may require members to contribute to environmental conservation
funds, they are often absent when investments concern trade reformation even though they
depend upon MOST supply chains. Partnerships between public aquariums and research
institutions have focused on in-house aquaculture initiatives to reduce their reliance on wild
caught products.
2.4.6. Industry optics endanger markets, generate telecouplings
The MOST has long been the target of ridicule surrounding shortcomings of business
ethics as it relates to fishing collection practices, labor markets, and other sustainability concerns
(www.forthefishes.org). What may be described as weak points in the organization and
management of the MOST have been exploited by groups who seek to disrupt, modify or
otherwise terminate the MOST in some locations (www.forthefishes.org). Harmful practices
have negatively impacted the optics of the industry, resulting in a weakening of public relations.
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Expose documentaries such as Blackfish (2013) and The Cove (2009) harmed the MAT
financially and publicly through resulting negative media attention. Seaworld, a prominent AZA
accredited institution, claims three animal themed parks in the United States, which experienced
a 13% reduction in park attendance in 2014 along with a 33% decline of stock share value
following the release of Blackfish (Zaveri 2018). The whistleblower documentary discusses the
death of orca trainer Dawn Brancheau in addition to the mistreatment of orcas in Seaworld parks.
Widely publicized stories focusing on ethical issues and bad practices damage the
reputation of the MAT, thereby resulting in vulnerabilities which may be exploited and critiqued
by public and regulatory agencies. Vulnerability weakened by industry optics has far reaching
consequences as described in this study. System reputation was cited by participants in both
sending and receiving origins to be of importance for their businesses Opposition groups are still
actively challenging the status of Hawaii’s fishery and many hope to see collection terminated
entirely. Many of the arguments made by the opposition groups in Hawaii have employed
arguments, which attack business ethics within the MOST, appealing to the emotions of
consumers and decision makers alike. While research on the Hawaiian ornamental fishery has
demonstrated sustainable levels of collection, specifically looking at the yellow tang Zebrasoma
flavecense, perceptions of the fishery and the greater MAT are influenced by actors demanding
moral regulation of the trade on ethical grounds. Resulting regulations may decrease access to
wild caught products, thereby increasing the need for aquacultured products to meet market
demand.

To further understand the how challenges surrounding a trades’ business ethics might
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serve interested parties in undermining existing or normalized supply chain dynamics,
stakeholders might benefit from supporting research which aims to represent their trade, as such
research may provide opportunities to further organize the trade and demonstrate to decision
makers, public audiences, and consumers alike that they are cognizant of ethical concerns and
are collectively working to address them. Engaging in conversations related to business ethics
and take steps as an industry to address ethical concerns is likely to deplete the trade stocked
armory which decision makers and those in opposition to trade practices turn to for ammunition
when looking to disrupt the trade. Thus, addressing this narrative may serve to earn the support
of those critical of the trade while enhancing resilience for all stakeholder groups involved.

2.4.7. Future directions
This study described critical historic, environmental, and institutional telecouplings
which have shaped the MOST and presently influence industry and stakeholder motivations and
needs for aquacultured products. The conclusions of this research indicate there is perceived, and
literal vulnerability generated by MOA advancements between the telecoupled systems of Sri
Lanka and the United States. However, these conclusions do not to suggest that aquaculture is
inherently negative or that all forms of ornamental aquaculture result in generated vulnerability.
It has been documented that aquaculture can provide crucial benefits to stakeholder livelihoods
(Tlusty 2002) and societal wellbeing (Bush et al. 2019). Rather, in acknowledging these
findings, industry can devote more attention to internally and externally generated stakeholder
and supply chain vulnerability. Institutionally accepted economic models and business drivers
are known to place profits before equity (Goldman 1980). In telecouplings, this prioritization of
flows of capital may result in the neglect of supply chain resiliency. Applying the telecoupling
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theoretical framework atunes focus on system vulnerabilities which may arise from threats
generated by changing flows throughout telecouplings. These findings may serve as conversation
catalysts among concerned stakeholders who have vested interests in promoting and protecting
their roles within the MAT.
Telecoupling theory aids in the grounding, contextualization, and articulation of research
focusing on relational interactions among distant and adjacent systems. However, this umbrella
framework falls short of addressing important aspects of human behavior and culture which
often prime the generation of telecoupled systems.The telecoupling theory is described as an
umbrella framework which aims to facilitate the identification and description of systems across
distances. Recent developments in diversifying applications of the framework have introduced
additional frameworks such as metacoupling, paricoupling, and intracoupling. Differences
among these frameworks further differentiate and conceptualize interrelationships among
telecoupled variables including actors, flows, causes, and effects (Liu 2017). Applying these
frameworks to ongoing research using telecoupling may advance our understanding of complex
human-nature interactions as they exist in the MOST.
Future research on the MOST utilizing these frameworks can advance our understandings
of the spillover systems and feedback dynamics described in this study by operationalizing these
theories through spatial, socioeconomic, and biophysical analysis. Directing industry focus
towards telecoupled processes may aid in mitigating stakeholder and supply chain vulnerability
and fortify industry resiliency across associated operational levels.
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CHAPTER 3
BIOLOGICAL AND INSTITUTIONAL OBSERVATIONS IN MARINE ORNAMENTAL
AQUACULTURE

3.1. Introduction
This chapter contributes to a gap in practical knowledge of aquaculture research and
development by describing institutional barriers to the production of marine ornamental species
using aquaculture methods. In doing so, this paper presents a model design for a recirculating
aquaculture system (RAS) which may be used for the production of demersal spawning marine
ornamental fishes for commercial or research purposes.
A critical approach was taken to describe institutional hurdles which may be encountered
by aquaculturists during the initial phases of aquaculture system development and information
acquisition. While many historic advances in marine ornamental aquaculture have been achieved
through trial and error experiments carried out by diligent hobbyists and academics (Rhyne
2010), this study aims to address challenges that aspiring researchers and commercial
aquaculturists operating with limited resources may encounter.
The RAS was tested for efficiency using the yellowtail anemonefish, Amphiprion clarkii
as a model species. Broodstock pairs of A. clarkii where conditioned for spawning in aquaculture
settings. Fertilized embryos produced by spawning pairs were sampled and imaged. Images were
then used to characterize early ontogenetic stages of the species. Upon completing the life cycle
of A. clarkii during preliminary trials, an experimental study was designed to assess advantages
in larviculture methodologies using two different live feed enrichment strategies used in the
production of the L type rotifer Brachionus plicatilis.
Additionally, this chapter discusses future research applications associated with the use of
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a RAS, drawing from and building on existing literature which demonstrates a variety of marine
ornamental aquaculture research and development (MOARAD) methodologies (Asano et al.
2003, Calado et al. 2017, Ignatius et al. 2001, Moorhead 2014, Moorhead and Zeng 2010,
Ostrowski and Laidley 2000, Pouil et al. 2019, Rhyne et al. 2017, Watson and Hill 2006).

3.1.1. Marine ornamental aquaculture research and development
Although marine ornamental aquaculture research and development (MOARAD) has
undergone significant advances in recent years, additional research is needed to lower production
costs and increase survivability among larval fish (Calado et al. 2017).
Aquaculture literature has described technical, economic, and biological challenges in
various applications, however less attention has been paid to the institutional structures
associated with these challenges, such as participant entry barriers to institutions and their
associated networks. Given the critical role MOARAD is positioned to play in reducing pressure
on natural reef habitats, and the potential to empower communities that may rely on declining
stocks of reef inhabiting species, this chapter sought to develop a cost-efficient RAS for a
commonly aquacultured species while identifying material and information limitations which
may prevent prospective aquaculturists from gaining access to successful production. The
approach taken in this study used a commercial scale MOA design which followed industry best
practices. This decision was made so as to follow the experience and procedure of MOA A.
clarkii was selected for this study due to the species high fecundity which is advantageous in the
research setting as broods were frequently available for collection and rearing. Additionally,
available literature on anemonefish often focuses on A. clarkii due to the species broad
biogeographic range and its common availability in the market resulting from demand in the
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aquarium industry which earns it usability given abundant literature on anemonefish husbandry.
Furthermore, entry level marine ornamental aquaculturists, particularly those outside the United
States (chapter 2), are more likely to begin trials in MOA using anemonefish given their
popularity in the marine aquarium trade (MAT), and the reputation of the family
(Pomacentridae) as being easiest to breed.
Recirculating systems have been cited as one of two principal research areas in
aquaculture (NOAA 2001) and are used widely in a diverse series of aquaculture applications
(Watson and Hill 2006). RAS afford practitioners several benefits including reduced water usage
resulting from the reconditioning of water by filtration processes along with waste control and
disease prevention (Goldburg et al. 2001). While aquaculture system applications and designs
are diverse with usage costs varying widely between flow-through and recycling systems, on
average recycling systems are poised to afford savings in energy costs by reducing pumping and
heating expenditures (Buckling et al. 1993). Water use restrictions can limit opportunities for
aquaculturists while the use of a RAS can ameliorate high utility expenses resulting from such
restrictions (Asano et al. 2003). Ornamental species are among the highest value aquacultured
products (Rhyne and Tlusty 2012, Tlusty 2002, Watson and Hill 2006).
In the United States, the majority of ornamental aquaculture production occurs in Florida.
This is due to a proximity to a warm climate, aviation hubs, feed availability, and access to other
aquaculture facilities where products are sold and shipped (Chapman et al. 1997, Hill and
Yanong 2002, Watson and Hill 2006). As a practice, the production of aquacultured saltwater, or
marine aquarium species, hereafter marine ornamental aquaculture (MOA) began to develop in
the 1970’s when marine biologist Martin Moe successfully bred the ocellaris clownfish,
Amphiprion ocellaris at the Aqualife Research Corporation (Moe 1997). This work was soon
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followed by other species within the family Pomacentridae including A. frenatus, A. clarkii, A.
ephippium, and Premnas biaculeatus. The neon goby, Elactinus oceanops, and the French
angelfish, Pomacanthus paru were also noteworthy accomplishments of MOA in the 70’s,
demonstrating that coral reef species belonging to other families could be aquacultured. As of
September 1st, 2019, 398 species of marine ornamental fish belonging to 45 families have been
captive bred through various methods by individuals from diverse backgrounds include home
hobbyists, public aquariums, and academic institutions (Coral Vol.16, 5).
MOA has grown in importance as means of production for various stakeholders in the
marine aquarium trade (MAT) (Olivotto et al. 2011, Tlusty 2002). Due to the data deficient state
of the MAT, it is not presently possible to accurately track and quantify the volume of
aquacultured species which enter the supply chain (Cohen et al. 2013, Rhyne 2010). This is
problematic when deciphering possible causes for declines in imports of a given species. A lack
of data makes it impossible to determine whether or not declining import volume is being
supplemented by aquaculture production or if increasing aquaculture production is causing a
decline in imports. The marine aquarium industry supports a strong conservation narrative which
has been furthered by MOARAD (Olivotto et al. 2011, Pouil et al. 2019). In addition to
affording individuals an opportunity to interact with marine life on a personal level, potentially
inspiring a conservation ethic, MOARAD may reduce collection pressure on wild harvested
fishes (Tlusty 2002).
This work illustrates how resources necessary for MOA can be sourced and assembled in
a relatively low-cost, simplified form which may enable interested parties to join the industry
and diversify their livelihood opportunities. With minimal alteration, this described model
system is intended to serve applications where space availability is limited. This may increase
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the practicality of the model’s modular design and flexible approach to filtration methods. It
should be noted that this model is not intended to serve as a rigid blueprint for the design of
marine ornamental recirculating aquaculture systems (MORAS). Rather, its use demonstrates
versatility in aquaculture system designs, and therefore encourages the reader to modify the
following design to serve his or her application. Comparable efforts have been made to advance
system design for MOA for applications in public aquaria (RWU, New England Aquarium)
resulting in higher survivorship of larvae and juvenile fish. Some limitations remain in terms of
ease of construction and access to suggested supplies when designing such systems (this study).
It was found that a number of suggested products were limited in availability and needed to be
sourced online through specialty retailers. Further limitations encountered where products were
accessible only through wholesale vendors.
Another key hurdle to aquaculture of a given species is the potential size of the species in
question and its habitat needs. Consideration of space requirements for numerous species have
been determined by industry experts according to the activity level and maximum length reached
by a species (Moorhead 2015). Pelagic spawning species such as those belonging to the families
Acanthuridae, Chaetodontidae, Pomacanthidae, Labridae, and Siganidae require unique
aquaculture accommodations and are not suitable for this use in this model.

3.1.2. Structural hurdles to marine ornamental aquaculture
Marine ornamental aquaculturists still face numerous challenges, commonly referred to
as bottlenecks by industry professionals (Ostrowski and Laid 2000, Rhyne 2010, Tlusty 2002).
Aquaculture bottlenecks include a variety of hurdles such as limitations to meeting dietary and
nutritional needs, technological and financial constraints, and reproductive and biological
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challenges. Some bottlenecks are the result of multiple challenges such as dramatic mortality
events during the larviculture process which may coincide with feed transitions between stages
in larval development.
Compared to resources allocated to resolving bottlenecks in applied aquaculture, MOA
practitioners have done less to address the bottleneck of accessibility to their craft. Fortuitous
access to world class research institutions as well as public aquariums has effectively
concentrated industry expertise in Western nations, particularly the United States. Industry and
academic practitioners of MOA are well positioned to take advantage of the opportunities to
advance their sector. It is important to monitor the potential for a reversal of historic roles among
stakeholder groups within the trade as the United States begins to play a larger role as a supplier
for its domestic market. With the expansion of MOA in the United States comes the generation
of proprietary knowledge which is maintained to protect the interests of both commercial
aquaculturists and academic research ventures. Until industry addresses these constraints, it is
likely that the industry will continue to see pioneering technological advances predominantly in
Western nations for the foreseeable future, following modern trends in distributions of wealth
and industrial development in a globalized world (Kaplinsky 2000).
Another key hurdle to improving MOA is the disconnect between scientific research and
industry practices. Unlike other aquaculture industries (e.g., the seafood industry), there is
currently very little communication between academic research and MOA practitioners.

3.1.3. Historic contributions to aquaculture
What is often unacknowledged by scientists is the role aquarists have played in
advancing aquatic organism husbandry practices, developing new technologies to improve
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animal health, system maintenance, and ultimately prolong the lifespan of aquatic organisms in
captivity (Delbeek and Sprung 2005). It is important to understand such contributions as they can
afford researchers access to networks and resources which may not cross institutional
boundaries. Similarly, it is important for private and commercial sectors to communicate and
partner with academic and other research institutions as these afford additional access to resource
development and intellectual ingenuity. If not for the many named and unnamed aquarists
pushing the boundaries of aquatic animal husbandry over the decades (Balling et al. 2008),
scientists may not have the means to use fish and aquatic invertebrates as model organisms to
advance our understanding of biology, physiology, and other fields (Delbeek and Sprung 2005,
Wabnitz 2003). Much of the supply chain infrastructure used by academic institutions to access
aquatic life for research purposes was laid by industries in the pet trade (Chapman et al. 1997.
Rhyne and Tlusty 2012). Products used by researches which were developed in the pet trade
industry include manufactured feeds used in wet lab diets, mechanical components such as
submersible pumps and filtration technology, temperature control elements, oxygen supply
pumps, and other life support accessories. It is the within the marine aquarium trade (MAT) and
the freshwater aquarium trade (FWAT), collectively referred to as the aquatic pet trade, that
many valuable breakthroughs in aquarium technology continue to develop in associated markets.
In the aquarium industry, innovations by individuals motivated to achieve breakthroughs in
animal husbandry and aquaculture capabilities moved markets to advance available technology.
In this way, industry was spurred to keep up with such advancements, and as new technology has
been made accessible to hobbyists and institutions, the latter continue to push the envelope ever
further. Complementary to the MAT, academia has contributed to advances in aquatics
technology, some of which has made its way back into the aquarium trade for the benefit of
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hobbyists and aquarium professionals alike (Pouil et al. 2019). Such contributions are
particularly significant in the context of more difficult to breed species. Networking among
aquaculturists has been a critical component of this work and should be encouraged for
enhancing the success of aquaculture initiatives, disseminating information, and expanding
accessibility to the practice (Rhyne 2010). Historically the majority of advances made in the field
of MOA including advances in technology, larval rearing techniques, successful first rearing’s of
never before bred species, and discoveries related to live feeds production techniques have
occurred predominantly in Western nations, most notably in the United States (Rhyne 2010).
While it is likely that the industry will continue to see these advances predominantly in Western
nations for the foreseeable future, interest and production in MOA is expanding in some Asian
countries such as Sri Lanka, Indonesia, Thailand, Philippines, and Singapore.
MOA within the United States has benefited from investment in research and
development at academic institutions which have facilitated the advances in technology and
refined practices which may in turn be shared with other MOA practitioners (Pouil et al. 2019).
An increasing number of academic institutions are developing MOA laboratories for use in their
marine science and aquaculture programs (Table 3.1).
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Table 3.1 Academic institutions involved in some form of marine ornamental aquaculture and aquarium science.

Institution
Augsburg University
Carteret Community
College
Des Moines Central Campus
Hawaii Pacific University
Marine Science Magnet
High School
Oregon Coast Community
College
University of Florida
University of Maine
Roger Williams University

Program
Biology
Aquaculture Technology

Contact Information
capman@augsburg.edu
cerinod@carteret.edu

Aquarium Science
Program
Ocean Institute
Aquaculture and Marine
Science
Aquarium Science

kirk.embree@dmschools.org

Tropical Aquaculture
Lab
School of Marine
Sciences
Aquaculture and
Aquarium Science

mdimaggi@ufl.edu

ccallan@hpu.edu
mguyot@msmhs.com
occc@oregoncoastcc.org

nishad.jayasundara@maine.edu
arhyne@rwu.edu

Another structural hurdle includes navigating access to social networks and aquaculture
communities which can provide support and resources, facilitating aquaculture success. It is
critical for the success of researchers, industry stakeholders, and home-breeders that an open
network be accessible to interested parties so that information and other resources can be shared.
Improved access to the latter will save practitioners time and money while contributing to the
knowledge base of those involved. Several noteworthy leaders have emerged, influencing
practices and conversations around MOA. Practitioners are encouraged to research and
communicate with industry leaders to continue the advancement of MOA in a practical, cost and
time efficient way. Aspiring aquaculturists, whether producing for academic research or
commercial purposes need not reinvent the wheel.
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3.1.4. Life history of anemonefishes
Important life history traits including habitat needs, reproductive strategies, duration of
the larval stage, and dietary requirements should be well understood prior to beginning
aquaculture trials. Anemonefishes are the most commonly aquacultured marine ornamental
species due their ease of pairing, their fecundity, and sort larval duration (Pouil et al. 2019).
Reproductive strategies of anemonefishes are well studied and cited as a classic example of
reproductive adaptation among fishes.

3.1.4.1. Anemonefish habitat
Anemonefishes are commonly seen nesting among the tentacles of host sea anemones
(Phylum Cnidaria, class Anthozoa, subclass Hexacorallia, order Actiniaria). The relationship
between anemonefishes and their host sea anemones serves as a classic example of species
mutualism. In exchange for protection from predation, anemonefishes also afford their hosts
protection from predators such as the Chaetodontidae, while delivering energy in the form of
fecal waste and uneaten food (Litsios et al. 2012). Anemonefishes are also attributed with
increasing rates of dissolved oxygen taken up by the host anemone. As the fish “bathe” among
the host anemone’s tentacles, otherwise stagnant water is oxygenated and absorbed by the sea
anemone through diffusion, thereby augmenting its metabolism (Szczebak et al. 2013).
Anemonefishes have been observed in symbiotic relationships with as many as ten distinct
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species of sea anemones including: Cryptodendrum adhaesivum, Entacmaea quadricolor,
Heteractis crispa, H. magnifica, Macrodactyla doreensis, Stichodactyla gigantea, Stichodactyla
haddoni, Stichodactyla mertensii, Heteractis malu (Figure 3.1) (Litsios et al. 2012).
Anemonefishes seldom stray from their host symbionts and are often described as poor
swimmers (Allen 1972). Were it not for the protection provided by their sea anemones,
anemonefishes would likely
succumb to predation (Allen
1972). The longevity of
anemonefishes affords species a
higher than average number of
opportunities to spawn and
produce offspring relative to more
short-lived species of coral reef
dwelling fishes (Litsios et al.

Figure 3.1 A juvenile A. clarkii bathes in the tentacles of Entacmaea
quadricolor.

2012).
Anemonefishes are an uncharacteristically long-lived genus of reef fishes. A. Percula has
been observed living 30 years (Fautin and Allen 1992, Litsios et al. 2012). Research suggests
anemonefishes’ exceptional longevity may result from adaptive radiation with their host sea
anemones (Litsios et al. 2012). Interactions between anemonefishes and their associated host
anemones vary by species. While most anemonefishes will reside compatibly with multiple sea
anemone species, several reside exclusively with a single species (ex. Premnas biaculeatus with
Entacmaea quadricolor) (Litsios et al. 2012). Due to the presence of cryptic species among the
Actiniaria, the number of anemonefish-hosting sea anemones is likely increase (Titus et al.
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2019).

3.1.4.2. Reproduction in anemonefishes
Anemonefishes are protandrous sequential hermaphrodites, meaning individuals display
early reproductive capacity as males, later developing the capacity to transition to the functional
female role as needed (Avise and Mank 2009, Calado et al. 2017, Casas et al. 2016). Sex change
in anemonefishes is size dependent, whereby males exhibit a smaller body size compared to
females. In anemonefish reverse harems, multiple nonfunctional males may be present alongside
a dominant functional female and a larger functional male (Buston 2004, Casas et al. 2016). The
functional male and female form a monogamous pair. Should the female die, the functional male
will transition to play the functional female role while the next largest nonfunctional male will
transition into the role of functional male (Fricke 1979). Sex transition in anemonefishes can
occur over the course of several weeks to months. During this transition, testicular tissue in the
male degenerates as ovarian tissue begins to form (Calado et al. 2017). Reproductive success has
been positively correlated with the size of the female anemonefish, while the size of the male is
less determinant of reproductive success among spawning pairs (Calado et al. 2017).
Reproductive behavior among anemonefishes has been well studied (Allen 1972, Bessa and
Sabino 2012, Breder and Rosen 1966, Calado et al. 2017, Godwin 1994, Litsios et al. 2012,
Wong-Ala et al. 2018). Anemonefishes are oviparous with oviposition often taking place at night
due to lunar spawning periodicity (Wong-Ala et al. 2018). Anemonefishes are iteroparous,
meaning they capable of spawning numerous times throughout their lifespan. Spawning cycles
are variable among populations of anemonefishes, with brood ontogeny taking place over seven
days with a lapse of seven to 14 days between broods (Breder and Jonson 1966, Jafor et al.
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2012). Less reproductive variability has been observed in pairs kept in captive settings such as
marine aquaria (Wittenrich 2007). This may be explained by the controlled conditions afforded
to captive fishes in aquaria in addition to consistent offerings of prepared feeds which are often
nutritionally enhanced to promote reproduction. As such, anemonefishes may spawn as often as
every 10 days, with only a two to three-day lapse between broods (Wittenrich 2007). Spawning
pairs of anemonefishes are easily identified by behaviors associated with their monogamous
partnerships. Upon pairing, the functional male and female will begin nest preparation. The nest
is typically located nearby the base of the host anemone’s foot (Breder and Rosen 1966). The
presence of a host anemone may serve to further shelter and protect developing brood (Litsios et
al. 2012). Balamurugan et al. (2013) observed that among captive pairs of spawning
anemonefishes, the presence of a host sea anemone may enhance the reproductive potential of
broodstock. However, when host sea anemones relocated in these settings reproductive cycles
were significantly disrupted.

3.1.4.3. What to expect when aquaculturing anemonefish
Anemonefish reproductive, brood tending behaviors, and spawning strategies are
relatively well understood. Among Pomacentrids, the type of substrate used for nesting along
with the duration of parental care varies from species to species. Researchers have observed
spawning substrates consisting of reef rock and rubble, coconut husks, driftwood, and palm
fronds (Bessa and Sabino 2012). Male anemonefish will bite at the substrate, removing detritus
and algae accumulation (Breder and Rosen 1966). During spawning, the gravid female will swim
over the prepared nest and deposit embryos onto the substrate using adhesive attaching filaments
on the vegetal pole (Rüdiger and Patzner 1998). Embryos are elliptical in shape, typically
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measuring 2.2mm (Breder and Rosen 1966) and are deposited in tight clusters. The male will
follow behind, closely dusting his sperm over the embryos to fertilize them.
Brood tending behaviors can be broadly categorized into two distinct actions, egg
mouthing and fanning (Calado et al.
2017). Egg mouthing occurs when the
male parent nibbles the developing
embryos, removing those which are
damaged, weakened, or otherwise
nonviable or compromised (Calado et
al. 2017). While both the functional

Figure 3.2 A bonded pair of A. clarkii tend their brood.

male and female can be observed tending their brood (Figure 3.2), males are described as doing
> 80% of parental the care among documented species (Green and McCormick 2005). An
exception to this was observed by Moyer and Bell (1976) where the female of an observed
spawning pair (Amphiprion clarkii)
tended to as much as 43% of brood
fanning. Asynchronous development
among fertilized embryos is not
uncommon (Green 2004).
Embryo color changes dramatically
during ontogeny, often beginning as a
bright orange to ruby red (Figure 3.3)

Figure 3.3 A brood of Amphiprion clarkii shows the tight grouping
of embryos during ontogeny.

and transitioning to a reddish brown prior to hatch. In most species of anemonefish, embryos
hatch seven days post fertilization (Breder and Rosen 1966).
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While developmental stages of A. occelaris have been described multiple times in the
literature (Yasir and Quin 2007, Liew et al. 2006), less detailed accounts of embryo development
have been done using A. clarkii. The larval development period varies by species (Calado et al.
2017). Most larval anemonefishes metamorphose over a 14 to 20-day period before settling back
onto the reef. Anemonefish larvae exhibit high fidelity to their natal reefs (Litsios et al. 2012).
The detection of acoustic signatures associated with reef habitats are an important navigational
stimulus for larval anemonefishes along with other reef inhabiting species (Simpson et al. 2002).
This factor is important to consider when seeking to understand radiation of species and their
host sea anemones.
Temperature and other environmental parameters have been shown to influence
reproductive and ontogenetic processes in coral reef fishes (Habary et al. 2017, Johansen and
Jones 2011, Person-Le et al. 2004, Wong-Ala et al. 2018). Ye et al. (2011) demonstrated that
exposing anemonefish larvae (A. clarkii) to elevated temperatures during ontogeny resulted in an
increase in growth rate and survivorship. While these metrics displayed positive trends in this
study, it is important to note that thresholds in aerobic metabolic scope and thermal tolerance are
less plastic in A. clarkii and other studied species of coral reef fishes due to the ecological zone
they inhabit in warm, tropical climates (Habary et al. 2017).

3.1.5. Aquaculture: Opportunities for progress
The goals of this study are important for the advancement of aquaculture beyond the
strictly technical aspects of MOARAD. Better understanding entry barriers faced by practitioners
working in diverse environments and with limited resources may facilitate productive
conversations and partnerships among different stakeholder groups. At the same time, there is
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also opportunity for progress in understanding how larval fish develop in aquaculture settings.
Dietary and nutritional studies in the context of MOA have the potential to improve larviculture
and juvenile fish grow-out practices by easing the time input and economic burden invested by
practitioners and improving growth rates and survivorship of aquacultured species.

3.2. Materials and methods
The following are methods for the construction of the MORAS used in this study in
addition to methods used for testing the system for aquaculture suitability using the model
species Amphiprion clarkii. The MOA wet lab was incrementally constructed between May and
August 2017. The wet lab is located in Murray Hall at the University of Maine, Orono, Maine, in
the United States.

3.2.1. System fabrication
There are numerous materials of various compositions which go into the construction of a
RAS. The practitioner will need to choose those which are most appropriate to the intended
application. Variables such as space availability and climate need to be considered when drafting
a system design. For example, in a confined environment where air circulation may be poor and
the climate is prone to high temperatures, the use of certain metal materials ought to be avoided
to prevent rusting. RAS designed with shelving are load-bearing systems which need to support
hundreds of kilograms of weight. Weight distribution should be adequately supported with
braces, straps, and beams depending upon the materials used. In all cases, cleaning of surfaces
supporting the RAS in addition to life support appliances should be carried out on a routine basis
to maintain the structural and operational integrity of the system.
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Pressure treated lumber was used to construct the frame and shelving for the RAS used
in this study. All frame and shelving surfaces received four coats of a polyurethane sealant to
prevent water damage. No treated surfaces were in contact with water used within the RAS.
Aquariums where set on plywood shelving which was drilled to accommodate bulkhead fittings.
To create a floating drainpipe, “J” hooks (n=8) were drilled to the systems’ structural support
creating a 10° slope to ensure drainage was steered into the sump thereby preventing inundation
and flooding of the drainpipe. Appropriate aquarium volumes and dimensions for aquaculture
applications were determined by reviewing existing literature (Calado et al. 2017, Moorhead
2015) and consulting with industry professionals from research institutions and commercial
MOA businesses. 57 L glass aquaria (n=18) measuring 60 cm by 30cm were used to house
broodstock. The outside walls of each aquarium were painted with a black, oil-based enamel
paint to prevent light scatter and to shelter broodstock from adjacent pairs. Aquariums on the top
shelf (T9-18) received ambient light from overhead room lighting which consisted of four, 122
cm, 4100 K, compact florescent fixtures placed on an integrated wall mounted timer
(photoperiod 12hr L:12hr D). Four 61 cm, 6500 K, 10 W, LED/T5 integrated lighting fixtures
where installed above the bottom shelf aquariums (T1-8) and were placed on a timer in sync with
overhead room lighting. Aquarium glass was untempered to allow for drilling. Each aquarium
was drilled and equipped with a 2.5 cm PVC female thread to female slip bulkhead. Bulkheads
where pressure fit with 28 cm standpipes on the wet side (interior of aquarium). The overflow of
each standpipe was fit with a plastic mesh guard to prevent blockage. The dry side (exterior of
the aquarium) plumbing was thread fit with a 1.9 cm to 2.5 cm male thread to female slip
bushing. Aquariums can be drained, removed, and replaced by those of a different length
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dimension to increase or decrease
its volume with few or no
modifications to plumbing
components. This feature results
from the inclusion of a floating
drainpipe which does not rely on
sealed pipe connections between
the aquarium and drain line (Figure Figure 3.4. The floating drainpipe design allows for isolation and
3.4). The combined volume of the

removal of aquariums, affording the MORAS modular properties.

RAS, accounting for aquariums, pipe runs, and sump totaled approximately 320L (Figures 3.5
and 3.6).
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Figure 3.5 Design schematic of the MORAS used for this study.

Figure 3.6 The completed modular MORAS, equipped with mechanical and biological filtration.
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The user is able to isolate any given aquarium in the RAS for use in quarantine,
experimental studies, or larviculture. By shutting a ball valve on the return line to the desired
aquarium and placing a cap over the PVC (polyvinyl chloride) standpipe, that aquarium becomes
independent of the others and preventing overflow into the shared drainpipe. If hosting
organisms, the now isolated aquarium will need to be equipped with a heating apparatus and an
oxygen source such as an airline with an attached sponge filter or an air-stone. Aquariums can be
drained, sterilized, and refilled using artificial saltwater prepared separately for such use.
The area of the wet lab measured 15.6 m2 while the area of the RAS therein measured
2.01 m2 (Figure 3.7).

Figure 3.7 Spatial blueprint depicting the layout of the MOA wet lab used for in this study.
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Substrate other than the provided ceramic tiles (Figure 3.8) has not been necessary to
facilitate spawning in the
species used in this trial,
though terracotta pots were
offered as an alternative
substrate for pairs which
discarded the tiles. All
tanks were kept substrate
free, modeling commercial

Figure 3.8 Left) Ceramic tiles cut and configured to use as a spawning
substrate for A. clarkii. Right) Recently fertilized A. clarkii brood.

aquaculture practices as “bare bottom” tanks reduce maintenance and costs (Delbeek and Sprung
2005).

3.2.2. Testing the RAS
Four pre-paired broodstock pairs were acquired from Sustainable Aquatics, a commercial
MOA business located in Knoxville, Tennessee, USA. Upon acclimation to the wet lab,
broodstock were further conditioned for spawning by controlling diet, photoperiod and salinity
while testing water quality. Broodstock were fed three times per day, receiving Reef Nutrition
TDO Chromaboost (L) and SA gel diet during morning and evening feeds, and a 2:1 mix of
frozen-thawed mysis and Artemia at noon.
Aquariums were cleaned weekly using a polymer-based plastic mesh scouring brush.
Uneaten food, detritus, and fish waste was siphoned from each aquarium weekly. Using Salifert
water quality test kits, water was tested for ammonia, nitrite, and nitrate every five days. During
the study period, average readings for ammonia = 0, nitrite = 0, and nitrate = 25 ppm. Salinity,
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temperature, and pH were recorded daily. Water changes were performed at a rate of 80% of the
total system volume when NO3 readings exceeded 50 ppm. Smaller, targeted water changes of <
20% of total system volume were performed as needed to remove deceased larvae and detrital
accumulation.
A live feed station was designed for the culture of the L type rotifer Brachionus plicatilis,
Artemia franciscana and the marine green algae Tetraselmis suecica. T. suecica was cultured in
2 L clear glass carboy vessels (n=5) in artificial seawater (Salinity 30ppt) at a temperature of 76
degrees. B. plicatilis was cultured using the Compact Culture Kit manufactured by Reed
Mariculture using a 19 L polyethylene bucket as the culture vessel. B. plicatilis was enriched
using live T. suecica at a rate of 1000ml per day.
Broods were left with the respective broodstock to allow natural parental care during
embryonic ontogeny. Larvae were collected from broodstock tanks upon hatching. This occurred
synchronously after lights had shut off. An LED lamp was used to lure newly hatched larvae to
the front corner of the aquarium. Upon concentrating beneath the light, a beaker was used to
collect larvae which were then transported into prepared Modular Larval Rearing System
(MoLaRS).
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3.2.3. Algae culture
Five 64 oz clear glass
carboy jugs where used to culture
the marine green algae Tetraselmis
suecica (Figure 3.9). A starter
culture was obtained from
Sustainable Aquatics, a commercial
marine ornamental aquaculture farm Figure 3.9 64 oz carboy jugs used for Tetraselmis suecica culture.
in Knoxville, Tennessee, United States. Each 64 oz vessel was fertilized twice daily at a rate of
.3ml using Fritz Pro Aquatics F2 two-part algae food. Culture vessels were positioned in front of
two 61cm, 6500 k, 10 W, LED/T5 integrated lighting fixtures which where run on a 24/7
photoperiod. Culture vessels where graduated in 200 ml increments. Vessels were filled with
filtered pre-mixed artificial sea water (salinity 30 ppt, temperature 25˚C) and maintained at a
volume of 1800 ml. Culture vessels were oxygenated using a linear piston pump. Silicone airline
hose (3/16”) was fit over (3/16”) ridged airline tubing and sealed with electrical tape to prevent
air from escaping at the junction. Ridged airline was placed through cored rubber corks which
served as atmospheric barriers on each culture vessel. Aluminum foil was wrapped around the
cork and airline to further reduce particulate contamination. Culture vessels where scrubbed
using a bottle brush, rinsed, and autoclaved until sterile. To prevent accumulation of bacterial
contaminants, cultures were transferred into autoclaved vessels every four days.
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3.2.4 Rotifer culture
Two independent rotifer cultures where maintained using the L type rotifer Brachionus
plicatillus. B. plicatillus cultures were maintained using Reef Nutrition’s Compact Culture
System (Appendix B). Each culture was contained in a 19 L polyethylene bucket. A flexible
polyethylene lid was used as an atmospheric barrier to prevent culture contamination. A
polypropylene filter floss was wrapped around a 2.54 cm ridged mesh core and a rigid airline
tube with an air-stone diffuser was fed to the bottom of the core to gently agitate the water for
circulation and filtration purposes. Rotifer density was quantified daily in each culture to monitor
consistent reproductive rates, to avoid over harvesting, and to identify possible contaminants.
Rotifers were harvested at a rate of 25%, or 3.5 L per day. Rotifer harvest procedures
began with the removal of the affixed airline supply and polyethylene lid which was then
sterilized and set aside. The culture vessel was manually lifted, and contents were gently poured
through a 40-micron polyester screen. While in the harvest sieve, rotifers where gently rinsed
with fresh RO water to remove detrital clumps resulting from fecal accumulation and algae.
Rotifers where then added to the respective MoLaRS depending upon their enrichment
properties. The culture vessel was then scrubbed using a plastic brush. The mesh core and
attached polypropylene filter floss was removed and rinsed with tap water until all detrital
residue was removed. Floss was considered clean after a visual inspection verified no further
color or detritus was being removed from the rinsing process. The filtration core was returned to
the vessel which was then topped off with saltwater (30ppt) from the wet lab’s saltwater make up
reserve. Every five days, a 100% water change was performed, and the culture vessel was
sterilized with 70% ethanol to prevent bacterial contamination.
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This procedure was repeated daily for each of the two rotifer cultures used in this study.
Upon replacing the airline on each vessel, cultures where fed their respective enrichment diet
(refer to section 3.2.3. for more details).

3.2.5. Modular Larval Rearing
Larviculture was accomplished using two 89 L cylindrical larval rearing systems
manufactured by American Eagle Fiberglass Fabrications, Cocoa, FL. Larval rearing systems
measured 60cm in diameter to 30cm in height (Figure 3.10a). The interior or each system was
coated with a black epoxy resin to reduce surface emitted light reflection which is an observed
cause of larval disorientation (Ostrowksi 1989, Yasharian et al. 2005). Each MoLaRS stood over
a 56 L glass aquarium which was used as a sump. Each sump was outfitted with a 150-watt
heater, a thermometer, and a Reef Octopus Classic 110-S in-sump protein skimmer. A 2.5 cm
bulkhead was centered in each system and equipped with a 5 to 2.5 cm reducer bushing. Each

Figure 3.10 a) MoLaRS used to rear A. clarkii larvae. b) A ridged mesh core standpipe serves to strain live feeds
and larvae from recirculating filtered water.
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was fit with a 2.5 cm ridged mesh core cut to a length of 28 cm. Ridged mesh cores were
wrapped in 40 μm nylon mesh to prevent the removal of larval feed B. plicatilis (Figure 3.10b).

3.2.6. Embryo imagery for ontogenetic study
Consistent spawning by broodstock pairs provided access to developing embryos. Eight
embryos were selected at random and collected from a single brood for use in each imaging
session. In total, 200 embryos were imaged during a 144-hour period at select time intervals so
as to capture comprehensive ontogenetic phases from the onset of embryo fertilization (Figure
3.11). A. clarkii embryos were imaged using a Nikon SMZ 745T stereoscopic microscope
equipped with a Digital Sight DS-Fi2 camera. Twenty-four images which most visually
represented key developmental stages were selected and organized into chronological tiles using
Adobe Photoshop (V. 20.0.8.).

3.2.7. Testing feed efficiency during larviculture
To test feed efficiency of two unique larval diets, each MoLaRS was prepared with
synthetic sea water 24 hours prior to brood hatching, matching the pH, salinity, and temperature
of the associated RAS. A. clarkii larvae were harvested from the RAS immediately upon hatch.
To do this, an LED lamp was positioned over the top right corner of the broodstock aquarium
during hatch. Being phototactic, larvae concentrated in front of the lamp and were then delicately
collected using a beaker. Once in the beaker, larvae were counted, and the population was
divided in half and released into the respective MoLaRS.
Water parameters in each MoLaRS was preconditioned to match temperature (26.6˚C),
salinity (30 ppt), and pH (8.4) of the RAS where brood ontogeny occurred. Larviculture water
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was darkened using the green-water technique (Calado et al. 2017) in each population using
either algae paste or T. suecia. System water was kept green for the first 48 hours at which time
additions of algae to the cultures were discontinued.
Immediately upon introduction to the MoLaRS, larvae were fed one of two dietary
variations. The control population was fed a rotifer diet, B. plicatillus, enriched with T. suecica.
The experimental population was fed a rotifer diet, B. plicatillus, enriched with a Tetraselmis sp.
algae paste sourced from Brine Shrimp Direct, a retail company in Ogden, Utah, USA. On day
two after hatch, Artemia fransiscana, was introduced to each larviculture, having been fed the
same algae diets as the rotifer treatments.

3.3. Results
During the study period November 27, 2018 to March 11, 2020, spawning pairs of A.
clarkii produced 31 broods. Each brood was photographed, and the resulting image was dated
and labeled with the associated pair of broodstock. Embryos from the most prolific spawning
broodstock pair (T1, aquacultured) were manually collected from each brood (n = 6) using a
surgical scalpel and viewed with a microscope to verify embryo fertilization. Fertilized embryos
represented 93% of the total sampled (n = 200) These data indicate successful conditioning of A.
clarkii for aquaculture purposes using the described methods.
Out of six broodstock pairs, one (T1) spawned regularly at roughly ten-day intervals, two
(T2, T3 (aquacultured)) spawned at irregular time intervals (approximately once per month),
while two (T4, T5 (wild-caught)) spawned only twice during the study period. The remaining
pair (T6 (wild-caught) exhibited courtship behavior, however no spawning was observed during
the study period. T5 produced two broods during the study duration and each brood was
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consumed within twenty-four hours of fertilization. During the fall season in the second year of
the study, the regularly spawning pair T1, was observed consuming the brood, thereby disrupting
their reproductive cycle and altering their parental care routine.

3.3.2. Embryonic ontogeny in aquaculture settings
A key outcome of this research was to characterize ontogenetic shifts from the point of
embryo fertilization until hatch of A. clarkii using microscopy imaging. The resulting figure
(Figure 3.11) contains labeled tiles which illustrate Table 3.2. Embryo development temporal
interval reference.

an ontogenetic time interval (Table 3.2) in hours
post fertilization (hpf). Ontogenetic variation was
observed in each sample of six embryos used for
imaging at a rate of 17%, where some embryos
exhibited apparent rapid maturation while others
appeared stunted in development. These
variations may be explained by non-homogenous
nutrient deposition during broodstock vitellogenesis.
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# of hours post fertilization
A) 0 hpf

B) 1 hpf

C) 2 hpf

D) 3 hpf

E) 4 hpf

F) 5 hpf

G) 6 hpf

H) 7 hpf

I) 8 hpf

J) 12 hpf

K) 13 hpf

L) 14 hpf

M) 18 hpf

N) 24 hpf

O) 32 hpf

P) 48 hpf

Q) 54 hpf

R) 60 hpf

S) 72 hpf

T) 84 hpf

U) 96 hpf

V) 108 hpf

W) 120 hpf

X) 144 hpf

Figure 3.11. A. clarkii embryo development. A) 0 hpf; B) 1 hpf; C) 2 hpf; D) 3 hpf; E) 4 hpf; F) 5 hpf; G) 6 hpf; H)
7 hpf; I) 8 hpf; J) 12 hpf; K) 13 hpf; L) 14 hpf; M) 18 hpf, N) 24 hpf; O) 32 hpf; P) 48 hpf; Q) 54 hpf; R) 60 hpf; S)
72 hpf; T) 84 hpf; U) 96 hpf; V) 108 hpf; W) 120 hpf; X) 144 hpf.
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Embryos deposited by A. clarkii were prolate spherical in shape, crimson in color,
telolecithal and adhesive bound. The cleavage phase of ontogeny took place during the first 24
hours (Figure 3.11, A-I). Newly fertilized embryos within 0-6 hpf contained a large oil globule
present in the animal hemisphere. Images A-H depict early-stage embryo ontogeny where
blastomeres are formed by cellular cleavage beginning with the zygote (Figure 3.11, A). Initial
cleavage was observed at 1 hpf, postceded by consecutive cleavages characteristic of morula cell
division. The resulting ball of cells (Figure 3.11, F-G) comprised the morula at 7 hpf.
Blastulation describes the formation of a fluid filled cavity encapsulated by a layer of
cells formed during morula cell division (Trinkaus 1963). Fluid within the blastocoel contains
amino acids, growth factor proteins, sugars, and ions, along with elements which aid in cellular
differentiation (Trinkaus 1963). Complete formation of the blastocoel was observed at 8 hpf
(Figure 3.11, H-I). Gastrulation occurred between 11 and 12 hpf (Figure 3.11, J-K). At this time,
nerve chord development was observable upon the closure of the blastopore. Mesoderm
formation began between 18 and 24 hpf (Figure 3.11, L-M). This marked the onset of
somitogenesis as the mesoderm is segmented along the notochord (Schröter et al. 2008).
Characteristic of chordates, the notochord was observed in formation at 24 to 36 hpf (Figure
3.11, M-N) marking the embryo stage of development. At 36 hpf melanophores begin to
develop on the yolk sack (Figure 3.11, N). Additionally, tail and eye formation are visible with
the developing head positioned towards the vegetal pole of the embryo. At 48 hpf (Figure 3.11,
O), the developing head migrates aside the yolk to a position at the animal pole. By 54 hpf
(Figure 3.11, P), the melanophores have increased in density along the yolk and begin to form on
the myomeres. Here the cranial regions are visible behind the eyes. The eyes begin to darken
with the formation of pigment at 60 hpf (Figure 3.11, Q). Blood circulation is now visible,
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coinciding with the formation of the heart placed between the immature pectoral fins. Further
pigmentation and growth of the eyes is noticeable as the head develops further towards the
animal pole of the embryo (Figure 3.11, R-T). Further contrast of developing myomeres is
observed along with tail growth which now fully extends towards the vegetal pole.
Erythrophores which produce red pigmentation begin to darken the embryo around 96-108 hpf
(Figure 3.11, U-V), and the embryo now occupies the full volume of the encasing chorion. At
120 hpf, the yolk sac has reduced in size and the embryo has developed maxilla structures which
will facilitate feeding upon hatch (Figure 3.11, W). At the prehatching stage of 144 hpf (Figure
3.11, X), the embryo has fully developed motile appendages and can be observed frequently
flexing its position while it awaits hatch.

3.4. Discussion
The goals of this chapter were threefold. The first was to identify and describe both
practical and institutional limitations in MOA by identifying easy to access, low-cost resources
along with information which are necessary to construct and operate a commercial scale
MORAS using best practice standards. Secondary goals included developing a larval feed study
using the marine green algae Tetraselmis suiceca to determine variable growth and survival rates
of the yellowtail anemonefish, A. clarkii. The final objective included completing the life cycle
of A. clarkii and describing the species embryonic ontogeny.

3.4.1. Institutional challenges in practical applications of aquaculture
Several institutional challenges were recognized during the course of this research. The
first relates to communication among industry leaders and access to seminal information. In
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many cases access to nuanced information was a greater challenge than accessing materials
needed for processes in the production of the model. This experience was corroborated by
personal communications with commercial aquaculturists as well as aspiring aquaculturists both
in the United States and Sri Lanka. Available literature on MOA has been published by
predominantly Western authors. Aspiring aquaculturists not located in the western region may
still have access to seminal publications. Personal communications with aquaculturists and live
feeds specialists suggest hands on, practical experience in MOA is often critical for success (C.
Clayton, personal communication, March 10, 2020).

3.4.2. Ornamental Aquaculture and the RAS
RAS have been in use since the 1950’s, with their earliest applications emerging in Japan
in the production of carp (Murray et al. 2014). Carp aquaculture in late 18th century Japan, led to
the advent of a now global ornamental koi market (De Kock and Gomelsky 2015), where
designer koi have retailed for as much as US$1.8 million. The advantage of an aquarium
integrated RAS model affords aquaculturists with the means to manage individual pairs of
broodstock of numerous species within a single volume of water. The RAS design is not unique
to aquaculture applications. Throughout the aquarium trade supply chain, suppliers, exporters,
importers, retailers and public aquariums use jointly plumbed tanks on recirculating loops to
house livestock. One notable limitation to this approach is the increased risk of disease spread
due to shared water between aquariums as water is shared between all active aquariums on the
loop. Aquaculture systems which rely on water pumped in from natural sources such as lakes or
coastal zones need to take precautions to avoid the introduction of unwanted pathogens which
can compromise animal health if not properly treated. It has been suggested that this risk is
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mitigated by the increased efficiency of filtration and controlled conditioning of water used in a
RAS (Goldburg et al. 2001).

3.4.3. Feed study: Techniques and challenges
And additional objective of this study sought to identify and describe dietary benefits of
enriched live feed offerings for larval fish during development. Sperate cultures of B. plicatilis
were enriched with Tetraselmis spp. paste and live T. suecica. Larvae were then selected at
random and dehydrated to record dry weight. On March 11, 2020, due to complications resulting
from the SARS-CoV-2 pandemic, larval fish were culled, and the experiment was discontinued.
Larval development of marine species in captive settings may vary from ontogenetic rates
of wild counterparts (Searcy and Sponaugle 2000) due to differences in water parameters e.g.
temperature, salinity, nitrogen concentration, presence of trace elements. Many studies on
captive teleost larval development lack critical information on broodstock and larval diets. These
data are imperative in understanding the influence of key nutrients known to be essential for
optimal growth and development of marine larvae (Bell and Sargent 2003, Calado et al. 2017,
Tocher 2014). The presence of DHA, EPA, and HUFA in parent populations influences the
developmental rate of fertilized embryos and resulting larvae. Therefore, when observing
ontogenetic trends, it is necessary to contextualize growth rates alongside dietary variables in
addition to the environmental parameters listed above.

3.4.3.1. Broodstock and Larval Nutrition
Quality nutrition delivery to broodstock is essential in producing healthy sperm and eggs.
The presence of key lipids and fatty acids is determined to be critical to broodstock fecundity as
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well as larval development and survivorship (Izquierdo et al. 2001). In the absence of necessary
biochemical nutrients, fishes of both marine and freshwater origins are likely to cease
reproduction and growth and over time perish from the deficiencies (Das 2006). The n-3 series of
highly unsaturated fatty acids (HUFA), notably eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), are unsynthesizable by marine fishes and therefore must be
obtained through the diet (Tocher 2010). With these nutrients, fitness of spermatozoa is
optimized, increasing egg fertilization rates (Callan et al. 2014).

3.4.4. Challenges with broodstock
Reports of the consumption of offspring, also referred to as filial cannibalism, in the
subfamily Amphiprioninae have been shared among aquaculturists, however literature on the
subject within the context of marine ornamental aquaculture is limited. Low oxygen levels were
proposed responsible for filial cannibalism among studied populations of Stegastes leucostictus
(Payne et al. 2002). Observations of S. rectifraenum found cannibalism occurred during early
stages of embryo ontogeny with smaller than average broods being targeted for consumption
(Peterson and Marchettie 1998). It has been suggested that cannibalizing of young serves to
increase the fitness of the killer (Hrdy 1974). Additionally, the behavior has been thought to
control species population size or stem from maladaptive pathological behavior (Calhoun 1962),
though this reasoning has been disputed as it ignores the potential for possible evolutionary
causes (Moore 1999). Incomplete fertilization of brood was not uncommon and may have
resulted from brood configuration on the chosen spawning substrate. Similarly, some embryos
may lie along an irregular periphery of the nest, such as alongside a crevice, where they may
receive less attention and agitation from the parent fish. As a result, there may be less available
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dissolved oxygen which is circulated among embryos within the brood by the fanning behavior
of the parent fish (Green 2004).

3.4.5. Larviculture challenges
Key challenges in larviculture included maintaining proper water quality along with
sufficient culture densities of live algae and rotifers. Nitrate (NO3) concentrations in larval fish
cultures have been observed causing decreases in fish growth rate and survivorship (Kincheloe
1979). High levels (>100 mg NO3-N/l) appeared to result in a reduction in mean length and
survivorship when compared to fish kept at low level concentrations (16 mg NO3-N/l) (Frakes
and Hoff 1982). In larvaculture trials, NO3 tested below 10 mg/l until around 10 days post hatch
(dph), at which time readings increased rapidly, exceeding 100 mg/l by 20 dph. Tests were
performed two or more times consecutively to verify results. Adequate filtration and water
volume replacement are often the preferred means of mitigating excess nutrient loads. NO3 levels
continuously proved difficult to manage. Overfeeding of live algae, algae paste, or rotifers may
have contributed to reduced water quality, though it was also determined that underfeeding was
an additional cause of pre-settlement mortality in larvae. Water quality was managed using
mechanical filtration in the form of protein skimming in each MoLaRS and water changes were
performed at a rate of 80% every four days to mitigate NO3 accumulation.
To address these challenges in future studies, enhanced methods for feeding and
filtration/maintenance techniques on MoLaRS should be managed. Private and commercial
aquaculturists often use automated dosing pumps to continuously meter out live feeds and algae
into larvicultures throughout the larval development period (C. Clayton, personal
communication, March 10, 2020). Peristaltic pumps were not used in this study due to their
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expense.
MoLaRS are designed as versatile units which facilitate water quality management
during the larviculture process. Managing water quality in larvicultures during this study proved
challenging even with the use of mechanical filtration in the form of a protein skimmer. Future
attempts at larval rearing in this wet lab may benefit from modifications to the plumbing design
of both MoLaRS so as to stabilize water levels between each system’s sump and larval holding
unit.

3.4.6. Improving aquaculture practices
We undertook several strategies to enhance aquaculture methods to improve results. In
MOA settings, it is uncommon to include sea anemones in aquariums hosting broodstock as
anemones are mobile and have been known to relocate themselves in aquarium settings. If the
anemone becomes distant from a maturing brood, broodstock may abandon their brood,
disrupting parental care in favor of grooming the anemone (M. J. Carberry, personal
communication, August 1, 2019). Including sea anemones in anemonefish aquaculture
environments carries a higher cost for the aquaculturists as similar to many species of
anthozoans, many species of sea anemones are partially reliant on hosted photosynthetic
dinoflagellates (Symbiodinium spp.) to meet some of their energetic demands and require special
lighting in captive settings to ensure their longevity (LaJeunesse 2018). Additionally, broodstock
expend energy which could otherwise be reserved for spawning grooming and feeding their host
anemone (Balamurugan et al. 2013). This information was used to inform the decision to not
include host sea anemones in this study.
Research on broodstock age and egg size variability (Pitman 1979) has shown a positive
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relationship between the number of embryos laid, offspring size, and the size of the egg
producing female (Kamler 2005). While this study did not attempt to study parent-egg-progeny
relationships, it is important to note that fecundity in fishes changes throughout a given species
lifetime (Kamler 2005).
Some familiarity with the reproductive traits and embryology of other species may aid
prospective aquaculturists in planning ahead when designing unique aquaculture systems.
Species from the family Pomacanthidae hatch from positively buoyant embryos around 18 hpf.
Complete metamorphosis was variable among studied species (Apolemichthys arcuatus,
Chaetodontoplus septentrionalis, Pomacanthus semicirculatus) and ranged from 40-190 dph
with species reaching marketable size around 120-150 dph (Calado et al. 2017). Species
belonging to the family Acanthuridae are among the most popular pelagic spawning marine
ornamentals (www.aquariumtradedata.org). Embryo development of the palette surgeonfish,
Paracanthurus hepatus was first reared through settlement in 2016 at the University of Florida
Tropical Aquaculture Lab (UFTAL). On average, P. hepatus produced an average of 5300
embryos per spawn. Larvae hatch within 24 hpf, emerging as pelagic zooplankton at an average
size of 1.55 mm. Observations of surgeonfish larval development in aquaculture settings indicate
larval settlement between 50-65 dph (Calado et al. 2017). Should aquaculturists plan to culture
these species, additional resources including space, time, and capital will be necessary for
success.

3.4.7. Embryonic ontogeny
Embryonic and larval development rates are variable among demersal spawning marine
ornamental species. On average, embryos of demersal spawners are larger than those of pelagic
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spawning species with larvae typically measuring between 3-4 mm at hatch. Species from the
subfamily Amphiprioninae typically hatch by seven dpf and metamorphose to settlement within
10-14 days post hatch (dph), affording anemonefishes the shortest larval duration among marine
fishes. Comparatively, species from the demersal spawning family Psudochromidae hatch
between 4-7 dpf and metamorphose 30-50 dph. Embryos produced by pelagic spawning fishes
tend to hatch only hours after fertilization (Yamagami 1988). Larvae carry smaller yolk reserves
in comparison to demersal species and are smaller in size upon hatch.
Observational studies and research conducted to better understand ontogenetic processes
during the early live stages of MOS promises to improve aquaculture practices while also
contributing to knowledge to other fields. Marine and conservation biologists along with
physiologists and fishery ecologists stand to benefit from ontogenetic studies carried out by
marine ornamental aquaculturists.

3.4.8. Suitable species for use with this model
A species review of successfully aquacultured marine ornamental fishes (MOF) along
with their aquaculture and care requirements (Calado et al. 2017, Moorhead 2015, Sweet and
Pedersen 2019) indicate this MORAS can accommodate select demersal spawning fishes from
the families Apogonidae, Grammatidae, Gobbiidae, Pomacentridae, Psudochromidae, and
Monacanthidae (Table 3.3). Use of this model assumes the aquaculturist has some understanding
of marine fish reproductive biology and can provide necessary habitat to facilitate broodstock
pairing and reproductive success. For example, Gramma loreto requires nesting material i.e.
macroalgae and narrow PVC pipe for shelter to encourage courtship behavior and spawning.
Additionally, some species may necessitate the use of aquarium covers to prevent fish from
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jumping. Species such as G. loreto may benefit from curtains placed in front of broodstock
systems to reduce possible stress caused by foot traffic or nearby work.

Table 3.3 Recommended species for aquaculture use in the described MORAS.
Model MORAS: Suitable Species (assuming few or no aquarium volume modifications)
Family

Species

Spawning type

First feed

Apogonidae

Pterapogon kauderni
Sphaeramia nematoptera

Mouth brooding
Mouth brooding

Artemia nauplii
Artemia nauplii

Blenniidae

Zoramia leptacantha
Apogon maculatus
Ecsenius bicolor
Meiacanthus spp.
Petroscirtes breviceps

Mouth brooding
Mouth brooding
Adhesive attached
Adhesive attached
Adhesive attached

Artemia nauplii
Artemia nauplii
Rotifers
Rotifers
Rotifers

Gobiidae

Elacatinus spp.

Adhesive attached

Rotifers

Grammatidae

Gramma loretto

Adhesive attached

Rotifers

Pomacentridae

Amphiprion spp.

Adhesive attached

Rotifers

Pseudochromidae

Pseudochromis spp.

Adhesive egg mass

Rotifers

Monacanthidae

Oxymonacanthus
longirostris
Rudarius ercodes

Adhesive attached

Rotifers

Adhesive attached

Rotifers

The aquaculturist is encouraged to experiment with the MORAS in ways suitable to his
or her needs. This model is almost certainly capable of producing species beyond those listed in
this section. As the aquaculturist is familiarized with the system’s functionality, he or she may
wish to modify it further for use beyond aquaculture. A drop-in chiller would allow the user to
work with cold water species, while the addition of specialized lighting would enable growth of
anthozoan species. Aquaculture in most forms allows for practitioner creativity. It is because of
boundary pushing creativity that the MOA sector has achieved so many of the innovations that
have resulted in previously unimaginable successes to date.
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3.5. Conclusion and future directions
The results and discussion topics in this study can be used to inform
aquaculturists, researchers, and industry professionals of these less described observations and
challenges associated with MOA. Studies on larval fish development and aquaculture methods
will continue to advance the rates of production and industry expansion which has been observed
in recent years. At the same time, there is room to advance conversations surrounding structural
barriers to aquaculture production as not everyone has access to the information and
technological resources required to develop a RAS and associated larval and live feed culture
components.
Many complex biological processes remain unstudied in larval fishes. To advance the
aquaculture sector, researchers would benefit from additional knowledge pertaining to larval fish
physiology and energetics, immunology, and the biochemical processing of nutrients. The RAS
designed and used for this study is well suited for studies in these fields. In addition to
completing the study on larval feed enrichment which was prematurely terminated due to
challenges associated with COVID-19, future studies focusing on larval fish physiology and
responses to thermal stress would benefit both aquaculturists and conservation biologists as
temperatures in coral reef habitats are projected to increase (Hughes et al. 2018). Additionally,
aquaculturists would likely benefit from understanding more about temperatures influence on
embryo and larvae development as these variables influence survivorship and growth rates in
larval and juvenile fishes (Ye et al. 2011).
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APPENDIX A:

Marine Policy Qualitative Analysis CODE BOOK
This codebook models themes derived from the Telecoupling framework (Liu et al. 2018), identifying
directional relationships between actors in distinct roles. These relationships often involve a
transmission of material, information, or capital. The “flow” of these relationships can be
monodirectional or unidirectional and can change directionality over time as a result of an introduction
of new relationships or the termination of existing relationships.
In the context of this CODE BOOK, interview data collected in Sri Lanka and the United States between
2017-2019 will be analyzed for relational and thematic content. Interviews have been transcribed as text.

Coding approach
•


Extent: Codable statements pre and post ceded by text are selected for content
suggestive of telecoupling dynamics. Codes can occur nested within one another, such as
a general statement (parent code) indicating a relationship, where within that statement
specific terms (daughter code) may represent vulnerability or transformation.

•


Content: Codes will categorize telecoupling dynamics and will also be used to
identify statements revealing nuance to the experiences, observations and other dynamics
had by actors, however closely or distantly relevant to the immediate study.

Relevant
RQ(s)
What
factors are
interfering
with
supply and
export?

Category

Sub-category

Sending System Codes should exemplify
Indicators
sending/export business
practices or outgoing flow ie.
Flow of products, information
or other material from Sri
Lanka to receiving/importing
or stopover systems.
Receiving
Codes indicating receival of
System
products, information, or other
Indicators
material from sending or
spillover systems. Ex. Los
Angeles receiving products or
information from Sri Lanka.
Sri Lanka Receiving
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Coding approach or
description
Telecoupling Toolbox
(Tonini & Liu 2017)

Telecoupling Toolbox
(Tonini & Liu 2017)

Codes demonstrating
importation of
products/information

Justification

Spillover
System
Indicators

Content suggesting exporters
are experiencing or poised to
experience negative/positive
affects resulting from shifting
supply chain dynamics relating
to aquaculture. This includes
indicators of accessibility or
inaccessibility relating to
aquaculture practices,
indicating limitations in
directions of flow.

Resiliency

where Sri Lanka acts as
a stopover system. ex.
Fishes from the Red
Sea or the Maldives
being imported prior to
being exported.
Spillover Systems in a
Telecoupled
Anthropocene
(Liu et al. 2018)

Expressions
demonstrating
resistance to negative
changes.
Demonstrations of
adaption, absorption, or
recovery from change.
Coding can include
natural forms of
resiliency Ex. Fishing
around uncertain
weather conditions.
Codes which suggest
negative impacts or
consequences
associated with or
experienced by
business practices.
Subjection to changes
in a system. ex. Fishers
inability to save their
earnings and manage
their finances
responsibly. ex.
Overharvest of sea
cucumbers impacting
substrate quality
leading to decreased
grouper nests leading to

Vulnerability
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Ecological
Resilience
(Gunderson
2000),
Geographies
of
Resilience
(Weichselga
rtner 2014)

Assessing
Vulnerabilit
y of Fish in
the US
Marine
Aquarium
Trade (Dee
et al. 2019)

decreased shrimp
populations.

Aquaculture

Expressions about
aquaculture in any
context.
Codes representing
motivations of agents
(importers, exporters,
suppliers,
aquaculturists) relating
to why they make the
decisions they do or
how they manage their
time and business
resources.
Descriptions of
stakeholder entry into
the MOST.
Statements which
reference nuance or
otherwise important
dynamics which may
not fully affiliate with
other node categories.
Statements should
reveal unique
circumstances,
relationships, or other
occurrences which
suggest influence on
agents and/or supply
chain dynamics.
Includes trade history.
Codes may fit into

Motivations
and Decision
Making

Beginnings
Noteworthy
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multiple nodes.
Structural

Statements elucidating
the structure of supply
chain relationships,
stakeholder roles,
policy infrastructure,
trade or industry norms.
Any codes referencing
the fire shrimp in any
context.

Fire Shrimp

•


Additional nuance – codes which deviate from a strict adherence to the telecoupling
framework as it applies to the MOST but which offer an enriched understanding of the supplychain landscape.
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APPENDIX B:

Rotifer Culture Protocol

Authored by Stella Moreno and Bryce Risley

Brachionus plicatilis
Brachionus plicatilis is a commercially important euryhaline species of rotifer commonly
cultured in aquaculture settings. Many ornamental fishes are reared using B. plicatilis
because the species are easy to culture due to their tolerance to changes in salinity, high
reproductive rate, small size, slow swimming rate, and planktonic nature. Because they are
filter feeders, it is easy to manipulate what type of nutrients enter their bodies.

Culture station
There are two 16-liter Compact Culture Systems
(CCS) in the lab, supplied by Reed Mariculture.
Each CCS contains a rigid mesh core which is wrapped
in “rotifer floss” and secured with polyethylene
webbing for filtration purposes. A PVC T-fitting is
mounted inside the bucket, held in place by clips. A
piece of rigid airline fit with an airstone is placed
through the T-fitting and should descend through the
mesh core near to the bottom of the bucket. Connect
the rigid airline to a piece of flexible airline hose.
Attach this to a diaphragm or linear piston pump to
supply air.
When operational, the CCS should be filled to the 14liter mark. See the graduation label on the bucket for
reference. DO NOT OVERFILL.
Adjust the airflow produced by the diaphragm/linear
piston pump to allow a gentle upwelling current to
form. Gentle agitation of the water's surface is acceptable along with moderate bubble
formation. Avoid over aerating the culture as too forceful a current will damage rotifers
and hinder their feeding capabilities.
Ensure the bucket lid is secured at all times other than during maintenance and feeding.

Rotifer Feeding
B. plicatilis requires continuous feeding throughout the day to ensure consistent
reproduction is achieved. Inadequate feeding will result in declining culture densities and
delayed reproduction. Overfeeding will result in deteriorating water quality and waste
accumulation which will lead to a culture crash.
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Feeding may be carried out manually or through the use of a peristaltic pump.
Feeding demands attention to the culture’s vitality and cleanliness so as to avoid
contamination and crashing.
Diets:
Rotifer diets used in this wet-lab may include live Tetraselmis suecica, and the algae paste
products RG Complete (Reed Mariculture/Reef Nutrition) or Tetraselmis sp. Paste.
Attention should be paid to each feed type and the appropriate method for administering
the feed. Feeding rates may need adjusting depending upon the desired B. plicatilis culture
density.
Algae paste products should be fed no fewer than twice daily at the recommended volume.
Refer to product instructions for details.
Live algae should be fed no fewer than twice daily at a rate dependent upon the algae
cultures density, ideally between 600 and 100 ml. Refer to Algae Culture Protocol for more
details.
CCS Maintenance:
Each CCS requires daily attention. Cleaning cultures is an essential responsibility.
The rotifer floss must be thoroughly rinsed each day AND replaced at least once a month.
To rinse the floss, remove the rigid mesh core from the CCS and run it under a high
pressure water flow in the sink. Kneed and rotate the floss until the rinse water runs clear.
Return the core to the CCS.
The lid to the CCS should be rinsed daily to remove algae residue and prevent bacterial
growth. Rinse the lid in the sink while scrubbing any residue from it. After rinsing, spray
the lid with an ethanol solution for sterilization. Allow to dry and return to the CCS.
The bucket interior should be brushed daily using a plastic brush. While brushing, move
slowly and deliberately to avoid splashing or creating fast currents. ROTIFERS ARE
DELICATE. Take care to scrub the entirety of the interior’s surface, sides and bottom. The
resulting detritus will be collected by the rotifer floss for later removal.
A 100% water change should be carried out on each culture once a month. This is to
prevent bacterial growth and avoid culture crashes.
Rotifers should be gently strained (pour slowly) from the CCS as you dispose of the 14liters of culture water. Leaving the rotifers in the strainer, place the strainer in a separate
bucket with several inches of clean saltwater and set aside.
Take the empty CCS bucket and scrub and rinse it in the sink. Spray the bucket’s interior
with ethanol to sterilize it. Once dried, refill the bucket to the 14-liter mark and reintroduce
the rotifers from the strainer.
*For additional information, refer to the CCS instruction manual.
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Calculating culture densities
Supplies:
• 5 ml syringe
• Two 30 ml beakers
• Bogrov Chamber/Ward Counting Wheel
• Iodine
• Pipette
• Tally counter
• Dissecting microscope
Using a 5 ml syringe, obtain 10 ml of rotifers from the 14-liter culture volume in the CCS
and transfer it to one of the 30 ml beakers. Repeat the process with the paste feed. One at a
time, pour the 10 ml beaker into a slide tray. Add 3-5 drops of iodine to incapacitate the
rotifers. With a dissecting microscope and a tally counter, count the number of rotifers
present. Repeat with the second beaker. Record the results.
* Larvae of different marine fishes require unique diets and dietary needs may vary from
what is described in this protocol. It is important to research the most suitable diets for the
larvae you intend to work with. Adapt culture protocols as needed. It may be necessary to
include copepods and/or Artemia in larval diets, in which case additional culture materials
may be needed.
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